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Disclosed are microcapsules comprising a polymer shell

enclosing two or more immiscible liquid phases in which a

drug, or a prodlxig and a drug actixalor are parlitioned into

separate phases, or prevented from diffusing out of the

microcapsule b_ a liquid phase in _hich the drug is poorly

soluble. Also disclosed are niethods of using the microcap-

sules for ill situ activation of drugs, where upon exposure to

an appropriate energy source the internal phases mix and the

drug is actixaled irl situ.

76 Claims, 1 Drawing Sheet
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IN SITU ACTIVATION OF MICROCAPSULES

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application is a continuation-in-part of U.S. patent

application Ser. No. 08/349, Ib9 filed Dec. 2. 1994 tnow U.S.

Pat. No. 5.827,531 ); and this application ix related to the

following U.S. Patent Applications v,'hich :ue liled contem-

poraneously herewith: IO

qll Application Ser. No. 09/079.833 entitled "'Microen-

capsulation and Electrostatic Processing Device" invented

by Dennis R. Morrison. Benjamin Mosier and John M.
Cassanto. NASA Case No. MSC-22937-I-SB;

12_ Application Ser. No. 09/079.758 entitled "'Externally 15

Triggered Microcapsules'" invented by Dennis R. Mon'ison

and Benjmnin Mosier. NASA Case No. MSC-22t)39 - I-SB;

13! Application Ser. No. 00/079,770 entitled "Low Shear

Microencapsulation and Electrostatic Coating Process"

invented by Dennis R. Morrison and Benjamin Mosier, 20
NASA Case No. MSC-_,9, 8-1-SB.

_4) Application Ser. No. 00/079,766 entitled "'Microen-

capsulated Bioactive Agents and Method of Making"

invented by Dennis R. Morrison and Benjamin Mosier,
NASA Case No. MSC-22830-I-SB: 25

STATEMENT REGARDING FEDERALLY

SPONSORED RESEARCH OR DEVELOPMENT

The invention described herein was made in the perfof 3o
mance of work under a NASA contract and is subject to the

provisions of Section 305 of the National Aeronautics and

Space Act of 1958. Public Law 85-568 172 Stat. 435" 42
U.S.C. 2457 I.

_5
BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to methods for making

microcapsules, encapsulating pharmaceutical compounds in

microcapsules, microcapsules, microcapsule encapsulated 4o

pharmaceutical compositions and products, and methods of

using these compositions.

2. Description of the Related Arl

Many cytotoxic or bioactive drugs and enzymes cannot be 45
injected intravenously. Others can be injected, but me rap-

idly degraded before they reach the target tissue. Still others

are cleared from the blood by the liver or kidneys so quickly

that their biological half-life is too short to be of therapeutic

value. Still other drugs are insoluble in aqueous solutions. 5u
Since intravenous injection in h vdrocm'bon solvents ix not

well tolerated by patients, such drugs me difficult to admin-
ister.

One method lot overcoming these limitations is encap-

sulation into n_icrocapsules or liposomes. Encapsulation of 55

drugs or biological therapeutics into liposomes or liquid

microcapsules can enable delivery to target organs where the

bioactive drug can be released directly by diffusion. Properly

designed microcapsules can provide unique methods of
direct delivery by parenteral injection, nasal inhalation and 60

dermal administration for su.stained relea.se of important

bioactive drugs.

M;_jor difficulties with commercial preparation of micro-

capsules arise when densit,,-driven phase separation of the

immiscible cmxier fluids; occurs. This ix especially true when 65
the microcapsules are constructed by lbm3ing water/oil

emulsions o2 when attempts are made to encapsulate mul-

2

tiple drugs. This limits the yield and often results in micro-
capsules that are not spherical nor unilbrm in size. Non-

conformity limits the packing density' land. thereby, the drug
payload delivered_ when the microcapsules arrive at the

t;u'get tissues.

Certain curteat methods of forming rnicrocapsules _such

as liposomesl are based on chemical characteristics of

certain phospholipids thin self-assemble into bilayers when

dispersed in an excess of uate2. Most liposomes can',,'

phmn-mceuticals dissolved in the entrapped water phase.
Drugs thai are insoluble or that have only limited solubility

in aqueous solvents pose problems for incorporating into

liposomes. Such org;mic-soluble drugs are usually limited in

liposomal tbrmulations to those that bind inside the h}dro-

phobic region of the liposome bilayer. Some drugs are so

insoluble that they do not associate v¢ith the bilaver and,

therefore, have very low encapsulation elficiencies. Certain

liposomal drug formulations, including anti-tumor lipo-

somes containing doxorubicin {Gabizion et al. 19021 or

muramyltripeptide have been studied extensixely in clinical
trials.

Microcapsule formation by liquid-liquid dispersion of

aqueous drugs and organic solvents typically produces

water-in-oil, <W/O)type liposomes. A second requisite step

is removal of the organic solvent Itypically evaporated) to

form reverse-phase evaporation vesicles _rev_ 02 stable

plurilamellm" vesicles Isplv _.

Spherical multilamellar vesicles Imlv_ are rarely' formed

by these methods and the size distribution is quite hetero-

geneous. Typically. in order to generate multilamellar

vesicles, lilm casting techniques with organic sol',ents.

hydration and sizing using liltration through inert membrane

filters ,are required [Talsma and Crommelin t992]. Methods
of forming multi-layered microcapsules often require emul-

sification of the aqueous phase into organic carrier solutions

by shear, bubbling or sonication. Sophisticated, multi-step

cmulsion technology is required and yields of uniforul tbpe

and size are often very ]o_.

Liquid microemulsions also have been developed as drug

delivery' systems, eslxrciallv for dnlgs that are poorly soluble

in aqueous carriers. A microemulsion typically contains

droplets in the range of 0.1-1 !2 in diameter. Such micro-

emulsions are characterized by very fluid and dynamic

micelles which are formed by sequential mixing of one

intmiscible phase with another using surfactants and

co-surfactants [Bhargava et al. 1087]. Typically. surfactants

that produce water-in-oil I\V/O_ microenaulsions have a

hydrophilic-lipophilic balance <HLBI rating of 3 to 6. while

those that produce oil-in-water IO/W_ microemulsions have
an HLB of 8 to 18. The surfactants can be non-ionic, ionic,

or amphoteric. Often. medium chain-length alcohols are

added as the co-surfactant in the last step in achieving the
final naicloemulsion.

A disadvantage of microemulsions is that each micelle

/liquid capsule) is too small I typically, less tfian 1.0 micron)

for deposition in larger vascular beds when administered by

intravascul:u injection. Therefore, microemulsions are not

suitable for chemoembolization type treatment of vascular-

ized tumors. Additionally, since microemulsions are true
colloidal suspensions, they cannot be scaled up to large

enough size for many intravascuku' drug delivery applica-
tions. Microemulsions formed with lipid soluble anti-tumor

agents and low densit3 lipoproteins <LDLS_ have been used

to target drugs to neoplastic cells that require large amotmts

of cholesterol lbr synthesis of cell membranes [Halbert et al.
1984]. However, LDLs also attract phagocytes making the
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amount of drug actually delivered to the tumors and thence
the therapeutic dose difficult to determine.

The use of solid matrix microspheres containing adsorbed

drugs witbin tile matrix is also known. For instance, U.S.

Pat. No. 4,492,720 to Mosier disclosed methods for making

microspheres to deliver chemotherapeutic drugs (including

Cis-Platinum_ to vascularized tumors. This method of pre-

paring microspheres is accomplished by liquid encapsula-

tion and solid-phase entrapment wherein the water-soluble

drug is dispersed in a solid matrix material. The method

involves dissolving the aqueous drug and the matrix material

in an organic solvent, in which they are mutually soluble,

then dispersing this mixture in a second organic solvent to

form an emulsion that is stable enough for intravascular
injection.

Other approaches have utilized copolymers such as poly-

vinyl chloride/acrylonitrile dissolved initially in organic

solvents to fom_ microcapsules containing, for instance

aqueous enzyme solutions. U.S. Pat. No. 3.639,306 to Stern-

bert et al. discloses a method of making anisotropic polymer

particles having a sponge-like inner support structure com-

prising large and small void spaces and an outer,

nficroporous polymer film barrier. A multiple-step batch

process is used which entails removal of the organic solvents
used to dissolve the polymers prior to addition of aqueous

components. Solid-matrix microspheres, however, are often

not perfect spheres thereby limiting the packing density.

Additionally. many drugs cannot be trapped or adsorbed in

these systems at effective concentrations and drug-release
rates are often not constant.

Conventional methods of forming multi-lamellar,

immiscible, liquid microcapsules are limited, because of

density-driven phase separation and stratification into hori-

zontal layers resulting in the necessity to use multi-step,

batch processing including mechanical mixing and solvent
evaporation phases [Talsma and Crommelin 1992]. Each

batch step suffers losses which reduce overall elficiencles.

Conventional solvent evaporation methods do not permit

simultaneous formation of the outer skin as the microcapsule

itself is formed. Many conventional therapeutic microcap-

sules or liposomes have natural phospholipid outer skins

(usually in combination with cholesterol and a fatty amine

such as stearylamine_ and therefore are subject to elimina-

tion by immune cells. Other conventional methods use sialic

acid and other coatings on the lipid bilayer to mask the
liposomes from detection by the scavenging systems of the

body. Without an adequate outer skin, microcapsules often
coalesce thereby reducing shelf-life.

For instance, U.S. Pat. No. 4,855,090 to Wallach, dis-

closes a method of making a multilamellar lipid vesicle by

blending an aqueous phase and a nonaqueous lipophilic

phase using a high shear producing apparatus. The lipophilic
phase is maintained at a high temperature (above the melting

point of the lipid components) and is combined with an

excess of the aqueous phase, which is also maintained at a

high temperature. U.S. Pat. No. 5.032,457 to Wallach dis-

closes a paucilamellar lipid vesicle and method of making

paucilamellar lipid vesicles (PLV_. The method comprises

combining a nonaqueous lipophilic phase with an aqueous

phase at high temperatures and high shear mixing
conditions, wherein the PLVs are rapidly formed in a single

step process. These methods do not. however, include inter-

nal mixing of immiscible phases inside the PLV's after they
are formed.

U.S. Pat. No. 4,501,728 to Geho et al. discloses the

encapsulation of one or more drugs or other substances

4

within a liposome covered with a sialic acid residue for

masking the surface of the ntembrane l¥om scavenging cells
of the body utilizing techniques known for the production of

liposomes. In one embodiment, additional tissue specific
5 constituents are added to the surface of the liposome which

cause the liposome thusly treated to be attracted to specific
tissues. Similarly, U.S. Pat. No. 5,013,556 to Woodle et al.

provided methods for making liposomes with enhanced

circulation times. Liposomes created by this method contain

m 1-20 mole% of an amphipathic lipid derivatized with a

polyalkylether Isuch as phosphatidyl ethanolamine deriva-

tized with polyethyleneglycol). U.S. Pat. No. 5,225,212 to

Martin et al. discloses a liposome composition for extended

release of a therapeutic compound into the bloodstream, the

15 liposomes being composed of vesicle-forming tipids deriva-

tized with a hydrophilic polymer, wherein the liposome

composition is used for extending the period of release of a

therapeutic compound such as a polypeptide, injected within
the body.. Formulations of "stealth" liposomes have been

__o made with lipids that are less detectable by immune cells in

an attempt to avoid phagocytosis [Allen et al. 1902]. Still

other modifications of lipids l i.e.. neutral glycolipidst may
be affected in order to produce anti-viral formulations. U.S.

Pat. No. 5,192,551 to Willoughby et al. 1993. However. new

+,+_types of liposomes and/or microcapsules are needed to

exploit the various unique applications of this type of drug

delivery.

Liquid microcapsules and liposomes can provide effective

drug delivery by intravascular injection, nasal inhalation and

3o dermal administration for sustained release of bioactive

chemicals. However, drug delivery of bioactive drugs, or

enzymes or biocatalysts entrapped in liquid microcapsules
and liposomes are limited to those biochemicals whose

useful biological shelf-life typically+ is more than a year.

_5 Many bioactive drugs possess chemical or bioactive hall-

lives which last only days. Microencapsulation has been

used to greatly extend the normal two-hour half-life of labile

enzymes to prolong the effective half-life up to 70 hours
after injection lChang, 1971 _. However in that instance, the

-m active drug is encapsulated, rather than the inactive prodrug

form, since it is dill]cult to chemically alter a drug once it has

been encapsulated. Short-lived drugs could be effectively

delivered inside microcapsules if a method of encapsulating

a long-lived precursor drug form can be combined with a

45 method for the in situ conversion of the precursor to the

short-lived active form, just prior to, or even after admin-
istration.

Controlled release of drugs fi'om liposomes has been

achieved by using temperature sensitive polymers in the

5o formation of the liposomes <Magin et al. 1986L Once the

liposomes are localized in the target tissue (or tumor} the
drug can be rapidly released if the local tissue temperature

can be raised above the transition temperature of the lipo-
sorne membrane. This requires some method of controlled

55 tissue heating which is difficult to achieve without compli-

cated surgical procedures, implanted interstitial antennas or

ultrasonics to produce effective local hyperthermia (Hand,

1991 ). However, there is no method of activating a prodrug

or predrug in a liposome using electromagnetic energy
_o and/or uln'asound.

In a controlled delivery system described by Supersaxo et

al. in U.S. Pat, No. 5.470,582, pore-containing microcap-

sules are preformed of polymers such as polyesters,
polyamides, polyanhydrides and polyacrylates and an active

*,5 agent is allowed to migrate into the microcapsules through
the pores. After administration, the active agent is released

through the pores by diffusion. A burst of release may be
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caused by application of ultrasonic radiation. Another

system, described by' Mathiowitz et al. in U.S, Pat. No,

4,898,734. is also based on passive or facilitated diffusion of

an active agent from pore-containing polymer microcap-

suits. Methods of facilitating diffusion include exposure to 5

high temperature, light, or ultrasound. This patent also

describes degradable microcapsules and microspheres

immobilized in a polymer matrix. A controlled release

delivel T system described by' Modi in U.S. Pat. No. 5,417,

t182 is biodegradable copolymer based microcapsules in m
which delayed release of an active agent is controlled by the

time required for enzymatic digestion of the pol,vmer matrix.
Wheatlev et al. describe in U.S. Pat. No. 4,933,185, micro-

capsules having an tuner core and an outer, ionic skin. An

active agent and an enzynle _ue encapsulated in tile inner 15
core, such that the enzyme degrades the inner core and

releases the active agent. All the canier systems described in

this paragraph encapsulate the actixe agent rather than a

prodrug, and thus do not overcome the limitations of admin-

istering short-lived active agents as described above. 2o

A method of in situ activation of a prodrug is described in
U.S. Pat. No. 5,433,955, issued to Bredehorst et al. This

method is a two step process in which an activator bound to

a tareeting_ moiety is administered to a subject. In a second

step, the prodrug is released into the circulation and becomes 25
activated only where tile activator is bound. A disadvantage

of this method is. because neither the activator not the drug
are encapsulated tar enclosed in a carrier, the activator

substance is exposed to the serum of a subject and may

contact a substrate prior to reaching its target site, thus _o

causing possible side eft+eels. In addition, unbound activator

must be cleared from the system prior to administration of

the second agent. Also care must be taken to avoid immu-

nological reactions to both the activator and tile prodrug.

It is e_ident, theretbre, that mlprm'emeuts are still needed _s

that address certain drawbacks of conventional liposome or

microcapsule delivery s_stems as well as those of in situ

drug activation. For example, conventional liposomes or

microcapsule delivery, svste/ns are only useful lot" drugs _ith

a long shelf life or biological activity, if the bioactive form 4o

of the drug is short lived or chemically labile, the effective

shelf life of the encapsuktted drug may make it impractical
for normal phlumaceatical storage. In addition, delivery of

an active drug to a specific site in the body with a liposome

lkmnulation still presents difficulties, There is a need for a 45

type of microcapsule delixery system that is stable for long

term storage and that pre6erably would be able to contain

both a drug precursor and the activator for that precmsor so

that activation of the precursor to its active form can take
place just p.ior to administration, or even after administra- 5o

lion and confirmation that the drug delivery sy'stem

_microcapsulesl is in the desired location. Even more adx an-

tageous would be the ability to specifically activate only that

portion of the delivery system that is in the desired location.
Finally, there is a need to be able to accomplish all that s5

without physiological changes or damage in tile SUtTounding
healthy tissue.

BRIEF SUMMARY OF THE INVENTION

The present invention addresses these and other draw- c,o

backs in the prior art by providing microcapsules containing

drugs, drug precursors, prodrugs or other agents that can he

activated in situ by' the application of an external energy
source. It is a surprising discovery of the present inventors

that microcapsules as disclosed herein, when exposed to a 65
source of energy such as ultraviolet light, undelgo vigorous

internal mixing for as long as they remain in the light.

6

Because the microcapsules contain immiscible internal liq-
uid phases, such as aqueous phases and organic

lhydrocarbon or oil i phases, different chemical or biological
agents can be kept sep_u-ated inside tile microcapsules by,
their respective solubilities in the diflerent phases, and then

brought into contact by the physical mixing induced by
itTadiating the capsules. This mixing may occur, of course,

outside the body', or it ma,v be induced inside the circulatory
systenl or tissues of a human, thus providing controllable in

situ drug activation.

An embodiment of the inxention is the ability to encap-

sulate a pro-drug or drug precursor and an activator of the

drug with a different solubility in separate liquid phases

within the microcapsules. Another embodiment is the ability

to sequester a prodrug in an internal liquid phase that is not

in contact with the polymer shell, and then activate the

prodrug into an active form with a different soluhilit_ such

that the active drug is associated with the internal liquid

phase that is in contact with the polvmer shell. In this way.

the prodrug is inhibited from diffusing out of the

microcapsule, but the active drug is not. This embodiment is

made possible by the disclosure herein of microcapsules in

which an organic o1"aqueous phase can be made to form a

concentric layer just inside the polymer shell and surround-

ing one or more immiscible phases within the microcapsule.
Another embodinlent of the invention arises hom the

ability to form small spheroids within the microcapsules.

These spheroids remain in a plane and resemble wllat is

termed a "string of pearls" conlormation. These spheroids
provide a method of sequestering an agent away flom the

outer polymer shell as well as away from an actixator

contained in an internal liquid phase outside the spheroids.

These spheroids may be disrupted by uhrasound, for

example, to release the contents into the microcapsules for
activation and/or diffusion.

The present disclosure provides specific advantages over

prior methods of drt, g storage and delivm T in that a micro-

capsule may be provided in which a short-lived drug may be

stored as a precursor for an extended period of time and

activated just prior to use by the application of an appro-

priate energy. The energy may be applied ex vivo by

exposing a solution containing microcapsules to a light or
other foml of energy, or the microcapsules may be admin-

istered to a subject, allowed to reach a desired target,

detected at the target site and then activated by application

of energy. In either case. it is an advantage that the active

drug remains in the microcapsule until actixated, and is

released at the desired site of action. This aspect of tile

microcapsule delivery systems disclosed hereto offers a

clear advantage over methods in which an active drug is

injected into the circulation of the subject where it may

cause side effects and/or immunological responses prior to
reaching its target site.

Another advantage offered by the present disclosure
includes compositions and methods for the delivery of labile

drugs, activated enzymes, and other drugs that normally

become inactivated while en route to the target tissue or by
hmg term storage. Examples include the delivery of active

enzymes that autocatalyze upon storage for sexeral weeks,

such as plasminogen activator and other enzymes used to

dissolve fibrin clots. In light of the present disclosure, one

ma,v now encapsulate these unstable agents m their reactive

and more stable foruls because one can activate the drugs by'

energy sources outside the microcapsule just prior to

administration, or even after the microcapsules have been

introduced into a body and detected at the desired target site.
Another embodiment includes tile activation of a cllemical
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agent such as a drug or active enzyme precursor by elec-
tromagnetically induced mixing of two or more precursor

components dissolved in different immiscible-liquid phases.

The mixing of the two phases then allows the precursor and

activator to react to form the active agent within the
microcapsule, thus allowing for a practical way to store and

deliver short-lived active drugs where normal shelf life is

too short for typical storage in medical clinics or hospitals,

for example.

Other advantages offered by the present disclosure

include the co-encapsulation of an energy absorbing

medium that permits drug activation just prior to adminis-

tration or at prescribed times after microcapsule deposition

in a target tissue to allow for the development of novel

therapy regimens. This embodiment is applicable to improv-

ing the efficacy of some types of photodynanfic therapies
wherein the photoactive drug, absorbed into tumor cells is

activated by visible to nero" infrared light at e.g. 630 nm for

hematoporphyrin esters, or benzoporphyrins at around 600

nm to cause the release of free radicals, thus destroying
vascular cells within the tumor.

The present disclosure also provides the ability to use

flow-through acti_ ating devices to transmit electromagnetic.
sonic, or microwave energy through the microcapsules

described herein as the microcapsules pass through such

devices in a fluid suspension. In this embodiment, the
deposition of external energy activates a prodrug inside the
microcapsules or causes physical mixing of reactants con-

tained in different immiscible phases inside the microcap-

stiles to accelerate activation kinetics, thus producing active
drug just prior to use.

Certain embodiments of the invention may be described

as methods of in situ activation of a drug comprising
providing a microcapsule wherein the microcapsule com-

prises two or more immiscible liquid phases enclosed in a
polymer shell, a drug precursor contained in at least one of

the immiscible liquid phases and, in certain embodiments,

an energy absorbing medium, and the method further com-

prises exposing the microcapsule to an electromagnetic field

or other source of energy in an amount effective to activate

the drug precursor to obtain an active drug.

It is a further aspect of this embodiment that the active

drug may then diffuse out of the polymer shell. The polymer

shell is designed so that it is transparent to the particulm"

energy source to be used, but is permeable to the active drug,

but may not be permeable to the drug precursor. In certain

embodiments this is accomplished by designing the micro-

capsules so that the active drug is not soluble, or is poorly
or sparingly soluble in the liquid phase in contact with the
polymer shell. In the practice of the invention, the prodrug

may be activated by a variety of means, including a change

in pH. dehydrogenation, hydrolysis, oxidation, reduction, b3

enzymatic or other catalytic reaction, through direct absorp-

tion of energy such as light, or contact with tree radicals,

superoxides, ions or gases such as carbon dioxide, nitrogen,

etc. that may be encapsulated in the microcapsules, or ma 5

be provided externally or by catheter in in vivo applications.

Examples of such agents or drugs that may be used in the

practice of the invention include, but ,are not limited to drugs

in which the prodrug is preferentially soluble in an aqueous
phase and the active drug is preferentially soluble in a

hydrocarbon phase such as cocaine hydrochloride, which is
activated to cocaine base for use as a local anesthetic:

floxuridine (2'-deoxy-5-fluorouridine, which is activated to
fluorouracil (5-fluoro-2,4( l H,3H ) pyrimidinedione ), an anti-

cancer agent: sulfamerazine sulfate, which is activated to

8

sulfamerazine base (2-sulfanilamido-4-methyl pyrimidine),

an antimicrobial agent: scopolamine, which is activated to

scopine by pancreatic lipase, plant alkaloids such as
yohimbine, or quinine HCL for which the activated fol'm is

5 preferentially soluble in a hydrocarbon or oil phase. This
type of embodiment wotdd also include some fat or oil
soluble steroids or hormones that have an inactive water

soluble form including testosterone acetate, which is acti-

vated to testosterone: pregnenolone, which is activated to
10 progesterone: and estrone, which is activated to estradiol.

in certain embodiments, the prodrug is preferentially

soluble in a hydrocarbon or oil phase and the active drug is
preferentially soluble in an aqueous phase. Such embodi-

ments would include, but not be limited to papaverine,

J5 which is activated to papaverine hydrochloride, which is

useful as an antispasmodic in arterial smooth nmscle:

genoscopolamine, which is reduced to scopolamine:

hematoporphyrin, activated to di-hematoporphyrin ester by

weak acid: and quinidine, activated to quinidine hydrochlo-
20 ride or quinidine sulfate, useful as a treatment for auricular

fibrillation. Various sterols may be included in such

embodiments, as they may be precipitated from a hydrocar-

bon layer by association with urea, substituted urea, bile

salts, glycerol, saponins, digitonin, nmleic anhydride, citra-
2s conic anhydride, etc.

Activators of prodrugs that may be included in the micro-
capsules would include any of such activators known in the

art, and would include, but not be limited to reducing agents,
such as sodium borohydrides, inorganic catalysts such as

v zinc dust. oxidizing agents such as benzoy] peroxides,

enzymes, and particularly enzymes that retain high activity

in strongly dehydrating or hydrocarbon systems or in the
interfaces of hydrocarbon and aqueous phases, such as liver

esterases, pancreatic lipases, and enzymes associated with
35 hepatic microsomes, for example, as well as any appropriate

water soluble enzymes, such as serine proteases, useful to
activate urokinases, thrombolytic enzymes, and plasmino-

gen activators, etc. In certain embodiments, floxuridine may
be directly converted to the inhibitor of thwnidilate

4o synthetase, fluoro-deoxyuridine monophosphate (F-dUMP)

by thymidine kinase within the microcapsules for use in

chemotherapy of certain cancers.

In certain other embodiments, one may use a prodrug that

is activated by the direct absorption of light energy, such as45
ergosterol, which is activated by 300 nm ultraviolet light to

vitamin D_ (calciferolL or 7-dehydrocholesterol, which is

activated by 280-300 nm ultraviolet light to vitamin D._.

it is another aspect of this embodinlent that one may

50 include an activator contained in an immiscible liquid phase

other than the phase containing the drug precursor and

wherein the activator is effective to activate the precursor to
an active drug upon contact. The activator may be an agent

that alters the drug precursor either physically, chemically or

55 both so that the precursor becomes activated. In certain
embodiments, the activator may be oxidized or otherwise

altered by the absorption of energy to become activated, or

in alternative embodiments, the prodrug may absorb the
energy and be transformed into an active agent.

_,0 In certain embodiments of the invention the electromag-

netic energy is effective to cause the liberation of tree
radicals or ions fi'om a component within the microcapsule,

including the contents of the liquid phases or, in some

embodiments, the polymer shell. Collisions of these charged

_,_ species with the activator then alter the activator so that it is

effective to activate the prodrug or agent in the microcap-

sules. Alternatively, the electromagnetic energy may be
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absorbed b_ the prodrug itself, thereby converting the pro-
drug to its active form.

It is a discovery of the present inventors that a microcap-

sule as described herein has the property that the absoq)tion

of energy, such as ultraviolet light, may cause a mixing of
the immiscible liquid phases and thus, an activator and a

drug precursor that are sepau'ated into two immiscible liquid

phases may be brought into contact within the microcapsule

through this mixing action. The energy' may be administered

ex xixo, as in a solution or a suspension of the

microcapsules, or the microcapsule may be administered to

an anin]al subject or even a human subject and the energy

lnay be applied to the subject, eitlaer through tile skin or

outer layers of the body or an organ, or intravascularly by a

catheter, for example. It is understood that in the practice of

the invention the microcapsules may be adtninistered

through intraarterial, intravenous, or intraperitoneal

administration, or alternatively', administration may also be

topical, intradermal, nasal, oral, anal, or vaginal as deter-

mined by the preferred site of action. In any, case, the

microcapsules may be delivered to the site of disease and to

reside adjacent or in contact with a disease site when the

energy is applied.

[n those embodiments of tbe invention in which the

microcapsules are within the body of a subject, the energy

may be applied using an intravascular device, such as a

catheter containing or adapted to contain a tibet optic

conductor, antennae, or transducer, for example as is well
known in the art. It is understood that such devices may be

inserted intravenously, intraarterially' or through a sureical

opening and directed to microcapsules contained in an organ

or circulatory system and energy such as light,

electromagnetic, radiofrequency, microwave, or even ultra-
sound energy may be directed throueh the device fitted with

an appropriate conductor st.oh as a fiber optic conductor in

the case of light ene.gy. The conductor is typically con-
nected to an energy source that is external to the body', but

in certain instances, for example when using electromag-

netic energy, the energy may bc applied via an electromag-
netic transducer contained in the lumen or attached to the

surface of a catheter.

In certain embodiments of the invention, the microcap-

sules may :dso contain a radiocontrast media, or a meditm_
that becontes radio-opaque through a change of oxidation

state when exposed to energy such as discussed above. The
radiocontrast media to be used may' include, but is not

[intited to a halogenated oil, such as for example, haloge-

hated poppy seed oil, cotton seed oil, soybean oil, safflower
oil, corn oil, olive oil, sunflower seed oil, sesame seed oil,

or canola oil.

The microcapsules of the invention can be separated by'
filtration or other means known in the art to obtain a

population of microcapsules of a particular size range that is

preferred for a protitular use. The size and shape of the

microcapsules is a factor m the distribution and drug deliv-

ery in the tissues. Typically, microcapst, les of 1-20 micron

diameter are optimum for intravenous administration,

whereas, 50-300 micron diameter microcapsules are used
for intraarterial chemoembolization delivery and 300 micron

or _'eater for intraperitoneal administration. In each size
range, highly uniform microcapsules are preferred fbr maxi-

mum packing densities and maximum drug payload delivery

to target organs or tumors.

Therefore, one may obtain microcapsules of from about 1
to about 500 microns in diameter, or from about 300 to about

500 microns in diameter, or from about 50-300 microns in

10

diameter, or from about 30 to about 50 microns m diameter,
or from about 20 to about 30 microns in diameter, or even
from about I to about 20 microns in diameter. As is known

in the art of claemo-embolization, particles of a certain size
5 will form a part of an embolization in different areas such as

the arterial, hmg capillaries, venous, or even peritoneal
systems of a body. Microcapsules may be designed, then to

be used in a chemo-embolization application, or they may be
designed to pass freely through the capillaries or circulation

of a subject in order to reach a target site. In the practice ofm
the invention, one may choose microcapsules of a particular

size so that the microcapsules will occlude an arterial or

venous vessel, for example at the site of a disease. Such a

disease site may be a thrombosis, a wound, a site of

infection, a lipid deposit or exen the vasculature of a tunlor.15
The drug precursors of the present im ention are in certain

cases a proenzyme or a zvtno_,en.+-, . A proenzvme, is an

inactive enzyme precursor that can be activated by' cleavage

of one or a few specific peptide bonds. In certain embodi-

2o ments the proenzyme may be a pro-thrombolytic enzyme, or
a pro-urokinase, or a pro-tissue plasnlinogen activator. In

certain embodiments the prodrug may be one that stimulates

tibronectin and other attachment proteins for use in wound

healing, for example.

25 Other types of drugs or bioactive agents useful m the

microcapsules disclosed herein include, but are not limited

to anesthetics, systemic antibiotics, antiparasitics, systemic

quinolones, anti-infectives, anti-inflammatories,

anfinoglycosides, cephalosporins, penicillins, antidotes,

anti-cholinesterases, metal poisoning antidotes,
antineoplastics, 5'-fluorouracil, cytotoxic agents, hormones,

steroids, immunontodulators, cytokines, systemic antivirals.
systemic antJfungals, biologicals, alpha-antitrypsin, bone

metabolism regulators, hypercalcemic agent, cardiovascular

3s agents, beta blockers, cerebra] vasodilalors, cerebral meta-
bolic enhancers, cholinesterase inhibitors, colony stinmlat-

ins factors, granulocyte-colony stimulating factors, granu-

locyte macrophage-colony stimulating factors.

vasopressors, local diabetic agents, diagnostics such as CT

4o scan enhancers and angiocardiography agents, adenosine

deammase deficiency agents, gonadotropm inhibitors, adre-

nal cortical steroid inhibitors, gonadotropin releasing hor-
mone stimulant, urofollitropms, nmscle relaxants such as

neuronmscular blocking agents, prostaglandin analogs,

45 prostaglandins, prostaglandin inhibitors, respiratory therapy
agents, anticholinergics, beta andrenergic stimulators.

s,vmpathonfimetics, and thrombolytics.

Certain embodiments of the invention will include the use

of fluorinated pyrimidine or purine analogs such as the

5o prodrug Floxuridine (Fluorodeoxyuridine) which is con-

verted to fluorouracil (5-FU 1. Other embodiments may uti-

lize the oxidation, reduction or hydrolysis of a prodrug that

results in activation, change in activity or m confoltnation.

Another example may be the use of the prodrug
s5 6-mercaptopurine. which is activated to 6-mercaptopurine

ribonucleotidc, the oxidation of trimethadone to the acti',e

agent, dimethadione, the oxidation of phenacetin to
methemoglobin, or the reduction of chloral hydrate to

trichloroethanol. In addition, active agents may be produced
_,o in microcapsules by contact with lipid soluble enzymes such

as those isolated from the hepatic microsomes, or they' ma3

use doxorubicin derivatives activated by, lysozyme.

The energy' to be used in the practice of the invention may

he an 3 form of energy for which an energy absorbing

(,5 medium may be included in the microcapsules, and would

include, but would not be limited to light, an electromag-
netic field, sonic, or nyicrowave energy, in certain embodi-
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ments the microcapsules may be exposed to ultraviolet light,

visible light, near infrared light, radiofrequency, or
microwave, in particular, infrared light of about 6t'_--900

nanometer wavelength, ultraviolet light of about 220-390
nanometer wavelength or any of these in combination with
ultrasound of greater than 18 KHz.

In certain embodiments, activation of a drug precursor
will involve a change in molecuh'u- conformation, ionization

state, oxidative state, or surface charge (zeta potential), to

produce the active drug. tn addition, the activation may also

alter the hydrophilic/iipophilic balance, thereby causing the

drug to more readily diffuse out of the polymer shell of the

microcapsule, or into tissue, or to change its clearance time.

All such changes in a drug or precursor are included within

the scope and spirit of the present invention as defined by the
appended claims.

An embodiment of the present invention is a micromixer

useful for mixing two or more immiscible liquid phases
comprising a microcapsule comprising two or more immis-

cible liquid phases enclosed in a polymer shell and an energy

absorbing medium: and an energy source compatible with

the energy absorbing medium. By a compatible energy
source and energy absorbing medium, it meant that the

medium is capable of absorbing the energy source used. For

example, a chromophore or other material that absorbs light
of a certain wavelength would be compatible v,'ith an energy

source that includes light at that wavelength. Or a medium

that absorbs radio waves of a certain fiequency would be

compatible with a source of energy at that frequency, it is
also understood that the materials used to construct the

microcapsules and including the oils and liquid_ comprising

the immiscible phases may also serve as energy absorbing
media.

The micromixers of the present disclosure will have other

uses that may be practiced by those in the art. For example,
one may place microcapsutes in a solution, such as blood,
serum, or other solution that contains a water soluble ele-

men! that one wants to renlove, such as a toxin, in the

practice of this embodiment, the water soluble element

would be allowed to diffuse across the polymer shell into an

aqueous layer in the microcapsule. The microcapsules
would contain an element that absorbs or binds the toxin in

a liquid layer immiscible with the aqueous layer. After an

appropriate time for diffusion, the energy source is applied.

thus mixing the contents of the nficrocapsule and causing the

toxin to be removed from solution. The microcapsules can
then be removed by centrifugation, filtering, or other means.

In those embodiments in which fen'omagnetic particles are

included in the microcapsules, separation may be accom-

plished by exposing the solution to a magnetic field.

The present inventors have demonstrated that microcap-

sules as described herein, when exposed to an energy source

such as ultraviolet light exhibit high velocity llows within

the microcapsules that appear to result in mixing of the

innniscible liquid phases contained in the microcapsules. As

an aspect of the present invention, the kinetic energy pro-

duced in the microcapsules disclosed herein amy be har-
nessed as a micro or nano-engine for use in a micro machine

or micro mixer application. For example, the microcapsules

may be placed in a solution that allows the diffusion of

certain chemical agents or proteins into the capsules and

then irradiation may mix those chemicals with other agents
contained in an immiscible liquid phase within the

microcapsules, thus altering the osmotic or ionic balance of

a solution and creating a gradient, which can be used as a
switching device to activate a chemical cascade, for

example. In alternate embodiments, PEG-diacr}late may be

12

gelled by the action of irradiated eosin-Y thus trapping
solubilized agents in the solution.

The micromixer may utilize any source of in'adiation or

energy such as electromagnetic fields and ultrasound. More
5 particularly it may utilize ultraviolet light, near infrared

light, radiofrequency, or microwave. In certain

embodiments, the inventors have demonstrated for example
the use of ultraviolet light of 330-390 nanometers wave-

length. In certain embodiments the immiscible liquid phases
l0 are further defined as comprising at least one aqueous phase

and at least one hydrophobic or olganic phase, where one or

more of the immiscible liquid phases may contain a drug
precursor.

An embodiment of the present invention may also be

J5 described as a method of treating a thrombus or embolus in

an animal subject comprising providing a microcapsule

wherein the microcapsule comprises two or more immis-

cible liquid phases enclosed in a polymer shell, a pro-

thrombolvtic, enzyme, contained in a first liquid phase,

2o immiscible with a second liquid phase, a thrombolytic

enzyme activator in the second immiscible liquid phase and

an energy absorbing medium: and exposing the microcap-

sule to energy that is absorbed by the energy-absorbing

medium in an amount effective to activate the pro-

25 thrombolytic enzyme to obtain an active thrombolytic
enzyme: wherein the active thrombolytic enzyme diffuses

out of the microcapsule and digests or lyses the thrombus or

embolus. In the practice of this embodiment, the absorption

of energy has been demonstrated to cause a mixing of the

_ immiscible liquid phases. In addition the microcapsules may
also contain a radiocontvast media, such as a halogenated oil

or other halogenated compound. Examples of oils that may

be used include poppy seed oil, cotton seed oil. soybean oil,
safflower oil. corn oil, sunflower seed oil, sesame seed oil,

35 or canola oil.

In the treatment of a fibrin clot which partially occludes
a blood vessel, the attending physician may first infuse

microcapsules as described herein into the vascular circu-

lation of a subject, for exantple, and allow the microcapsules

40 to be carried to the site of the clot. The microcapsules are

sized to form an embolism at the site and thus to be relatively
immobilized. As such, depending on the site of the

thrombosis, one may use microcapsules of from about 1 to
about 500 microns in diameter, or from about 300 to about

45 500 microns in diameter, or from about 50 to about 300

microns in diameter, or from about 30 to about 50 microns

in diameter, or from about 20 to about 30 microns in

diameter, or even from about 1 to about 20 microns in

diameter. The presence of a radiocontrast agent such as an

5o unsaturated oil allows the physician to visualize the micro-

capsules at the disease site. The physician may then apply

the energy source so that the pro-fibrinolytic or thrombolytic
enzymes in the microcapsules become activated and diffuse

out of the polymer shell to attack the thrombosis. The energy

55 can be applied through the least invasive manner, such as by
using a catheter, or an antennae, if possible. The art of

manipulating catheters that are inserted into a vein or arteu,
and controlled fiom outside the body is a well developed the

field and is easily applicable to the present invention.

¢_) Typically a catheter contains or defines a lumen and one may

insert a conductor such as a fiber optic conductor through the
lumen of a catheter to illuminate or irradiate a site at the

distal end. Alternatively, other forms of energy may be used

either fi'om an external energy source conducted through a

¢,5 catheter, or through the skin or external layers of an organ,
or the energy source, such as an electromagnetic transducer

may be contained in or on a catheter or other intravascular
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device. Energy sources that may' be used in the practice of
the in'_ention include, but are not limited to light, an elec-

tromagnetic field, sonic, or microwave energy. In certain
mlabodiments the microcapsules may' be exposed to ultra-

violet light, visible ligbt, near infrared light, radiofrequency,
or microwave, in particular, infrared light of about 600-90{)
nanometer wavelength, t, ltraviolet light of about 220-390

nanometer wavelength or am of these in combination with
ultrasound of greater than 18 KHz. Pro-enz.vmes that may be

effective in the practice of this embodiment include any
enzyme that is capable of dissolving or decreasing a clot, or

thrombosis and would include, but not be limited to pro-

urokinase pro-tissue plasminogen activator procathepsin B,
or plasminogen.

Embodiments of the present invention include composi-

lions for long term storage of labile compounds such as
labile enzymes. Many labile enzymes are known in the art

anti would be useful in the present invention, an example of
a type of enzyme is the cholinesterases. Such compositions

may comprise a precursor of a labile enzyme contained m a
microcapsule wherein the mic.'ocapsule'comprises two or

more immiscible liquid phases enclosed in a polymer shell,
and further u'herein the precu_xor of a labile enzyme is

comained in a first liquid phase and an activator of the labile
enzyme is contained in a second liquid phase immiscible

with the first liquid phase and the composition is contained
in a light protective container. The container may also be

protective of other fornls of radiative energy as well. In the
practice of this embodiment, the inactive form of a labile

enz)me or compound may' be kept in storage for an indefi-

nite period of time before the contents are exposed to an

energy that will actix ate the enzyme for use.

An embodimem of the intention is also a pharmaceutical

composition compri,sing a microcapsule comprising two or

more immiscible liquid phases enclosed in a polymer shell,

a drug precursor and a drug activaton wherein the drug

precursor and drug activator are contained in separate
immiscible liquid phases and further wherein the microcap-

sule is contained in a phamlaceutically acceptable cm'rier
solution. Pharmaceutical contpositions may contain anti-

cancer drug precursors, anti-infective drugs, hormones,

thrombolytic drugs and cholestemlases, for example.

In those embodiments in which the microcapsules contain

an anti-tumor drug, or pro-antitumor drug, the invention

slay be described as a method of treating a tumor in a subject

comprising obtaining a pharmaceutical composition com-

prising a plurality of microcapsules, each microcapsule

comprising two or more immiscible bquid phases enclosed

in a polymer shell, an anti-cancer drug precursor and a drug

activator, whereto the anti-cancer drug precursor and drug

activator ,are contained in sep,'uate immiscible liquid phases
and further wherein the microcapsules are contained in a

pharmaceutically acceptable carrier solution: administering

the pharmaceutical composition to the subject in a manse.

effective to place the microcapsules within or adjacent to the

tumor: and exposing the microcapsules within or adjacent to

the tunlor to ultraviolet, infiared, electromagnetic, micro-

wave energy, or ultrasound effective to mix the immiscible

liquid phases containing the anti-cancer drug precursor and

the drug activator: where upon mixing, the drug activator

contacts the anti-cancer drug precursor and produces an

active anti-cancer drug, and further where the active anti-
cancer drug diff-uses out of the polymer shell and contacts

the tumor. An example of this embodiment would be the use

of floxuridine, which is 7-10'_ soluble in an organic phase,

as a precursor to the active anti-cancer drug, 5-flourouracil.

In those entbodiments in which the microcapsules are

used in the tteatment of a human, such as a cancer patient,
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or cardiac patient, for example, it is understood that. where
appropriate, the treatments disclosed herein may be used

successfully in conjunction with other forms of
chemotherapy', h)'perlhermia therapy or even photodynamic

5 therapy as described m Horspool and Song IEds.I CRC
Handbook of Organic Photochemistry and Photobiology,

CRC Press, NY, 1994, for example.

As described herein the inventions of the present disclo-

sure may be compositions comprising a microcapsule com-

IO prising two or more immiscible liquid phases enclosed in a

polymer shell, a drug precursor and a drug activator, wherein
the drug precursor and drag activator are contained in

separate immiscible liquid phases and further wherein the

microcapsule is made by the method comprising: formulat-

J5 mga first phase comprising a first solvent, a first polymer
soluble m the first phase and insoluble in a second phase, a

co-solvent, oil, and water, fornmlatmg the second phase

immiscible with the first phase, the second phase comprising

a second solvent, a second polymer soluble in the second

2o phase and insoluble in the first phase, a surface active agent,
and a salt: the surface active agent having a hydrophilic/

lipophilic balance value greater than that of the first poly-

mer: the second polymer having a b._drophilic/lipophilic

balance value lower than that of the surface active agent:

25 creating an interface between the first and second phases in
a manner that limits fluid shear to between about 10 to 50

dynes/cm 2, if carried out undcr conditions of greater than or

about equal to I gravit), or between about 2 to 30 d),nes/
cm 2. if carried out under conditions of less than or about

vJ equal to 1×10 2 _avity, and ntaintains adsorptive surface
ch,'uacteristics at the interface.

Processes and compositions are provided by the present

invention which overcome certain of tfie limilalions of prior

methodology for forming microcapsules. In particular,

,5 methods and compositions are provided which form multi-
lamellar microcapsules having alternating hydrophilic and

hydrophobic liquid layers, surrounded by flexible, semi-

permeable hydrophobic, outer membranes which can be
tailored specifically to control the diffusion rate. In

4o particulm', the methods of making microcapsules provided

by' the present invention do not rely on batch processes such

as density-driven phase separation and stratification into

horizontal layers, mechanical mixing or solvent evaporation.

Encapsulation of cytotoxic or labile drugs in such micro-

45 capsules enables targeted delivery and sustained release

kinetics that are not currently available with intraxenous

injection.

The invention provides, in on,,' aspect, methods of making
a nmlti-layered microcapsule. The term microcapsule as

50 used he.ein is a general term which can include an), spheri-

cal microscopic vesicle including microspheres, micelles,

inverted micelles, bilayer xesicles and liposomes. The term

microcapsulc as used herein is also a more specific term

which refers to a microcapsule which comprises at least two

55 layers, one of which is innennos! and is snbstantialD com-

pletely enclosed within the other. In a distinct break from

traditional methods for making nucrocapsules, the methods

of the invention rely on low fluid shear, diffm'ential surface

tension, interracial coacervation, and liquid-liquid diffusion

_,0 process, particularly as developed lk_r torming microcap-

sules that may contain both aqueous and hydrocarbon
soluble drugs.

The terms multi-layered and multi-lamellar are used inter-

changeably throughout the specification and claims and both

65 refer to the fact that the microcapsules of the invention

comprise at least two immiscible layers nested around one

another. In some instances, the core layer will be hydropho-
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bic in nature and will be completely snrrounded by at least
one neighboring hydrophilic layer. In others, the core layer

will be hydrophilic in nature and will be completely sur-

rounded by at least one neighboring hydrophobic layer.

The basic method of the invention relies on liquid-liquid 5

interactions. In the basic method, the first step entails

lk_rmulating a first phase or layer while the second step

entails formulating a second phase or layer. The two phases
or layers ,are formulated to be immiscible with one another.

For the purposes of this invention. "'immiscible" means that J0

due to differences in density, viscosity or surface tension, the

two adjoining phases or layers form an interface resembling

a meniscus, and furthermore that the solubility of any
component in one phase is not more than 10 gm/100 ml in

the second, adjoining phase or layer. 15

Formulating the first phases or layer comprises combining

a first solvent, a first polymer soluble in the first phase, a

co-solvent, an oil, and water. The first solvent will typically

comprise about 75-90% by volume of the first phase. The

first polymer is selected to be one soluble in the first phase _+0

and typically will comprise about 1-5% by volume of the

first phase. A snmll amount of a co-solvent is also added to

the first phase, which co-solvent may also function as a

co-surfactant. Oil comprising about 1-10% by volume is
also added to the formulation. The first phase will also _+5

contain about 1-5% water by volume.

The method next calls for formulating a second phase,

immiscible with the first phase. The second phase comprises
a second solvent, a second polymer soluble in the second

30
phase, a surface active agent, and a salt. The relative,

approximate volume percentages of these constituents is

about 70-98% second solvent, 1-10% second polymer,

1-4% surface active agent, and 0-3% salt.

In order to ensure that the liquid-liquid interactions nec- 35

ess,'u-y to form the microcapsule will occur, certain of the

constituents of each phase ,+ue selected relative to one

another. Thus, the surface active agent in the second phase
is selected such that it will have a hydrophilic/lipophilic

balance value greater than that of the first polymer constitu- 4o

ent of the first phase. Generally. the most useful surface

active agents have been found to be those which ,are non-

ionic and which have a hydrophilic/lipophilic balance value

of 10.0 or greater. Next, the second polymer constituent of

the second phase is selected to have a hydrophilic/lipophilic 45

balance value lower than that of the surface active agent

constituent of the same phase. While not an exhaustive list.
certain hydrophilic/lipophilic balance values of materials

which may be used in the formulations of the invention are

provided below. 5o

Hydrophilic/Lipophilic Balance IHLB
McCutcheon 1979)

C-mlx_und HI.R

Gl.vcel'_l triolcate 0.8

Cholcslerol 1.0

Triglyceride ol co,_'orml oil 1.4

Sorbilan trioleate 1.8

Sorbilan Irintcaralc 2. I

Glycerol IllOno<)leale 2.7

Mono and di gl+vccrides of lat burning laity acids 2.8

Glycerol Monostcarate (gmst 2.8-5.0

I :_.8 prcleixcdl

Propt)xylaled ethylene diamine plus ethylene oxide 3-28

Mouo/diglycende 3.2
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-continued

Glycerol illOllC, Ctk'Olltlt 3.4

Mono/diglyceride _.5

Propylene glycol mono laity acid e,.ter 3.5

Monc_.'thoxyl lauryl ether 3.6

Stcar),'l lactyl acid 3.8

Hydrogenated cotlonsccd oil 38

S<_.tium lauryl sulfate 4.0

Mono and digl.vcedde,, with citric acid or 4.2--4.6

laclylic ester or fatty acid

Ethoxylated fatl x anlinc (2 mt_le,, KTOI 4.5

l)ielhylenc _l+',col mono,,lcaratc 47

Sorbitan monopaln'filalc 4.7

l)iethylene +dlycol n',ono+,tcarate and oleale 4.7

Ethox.vlated _2_ cetyl ether 5.3

GI+,,Cel'ol Mimork inolcate 6.4

Glycerol n+lonolaulale 6._

Triglycerol mono slearate 7.0

Polyethylene glycol _4(:,0 dioleate) 7.2

l.an_tin +,teml ++,.ll

Kthoxylatcd nonyl phenol IC_ 1-420 & C() 851)p 8.0-16.0

Polyethylene glycol 1411(ll dislearatc 8.2

Sorbitall monolaurale 8.6

Ethoxylaled _,orbitan fatty acid esters and alkyl/a_'l `4.0

alcohol

Anhydrous lanolin I0.0

Polyethylene _lycol nlonoMearale I I.O

Polyethylene glycol 4IX) II 2

Elhoxylaled II1)1 ce_'l ether 12.`4

Elhoxylated glycerol monostearate <gms I I _. I

Sorbitan monoslearate 14.`4

Sorbitan monooleale with 2tt moles eth31ene oxide 15.(1

Ethoxylated ¢20_ ole+xl ether 15.3

Ethox.vtatcd ¢20t slcak'yl cetyl cthct 15.8

Ethoxylatcd castor oil 18.(1

Nonyl phenol polyethylene .glycol ether 18.1

Polyethylene glt.rco] 60_1 rnono laurate 1'4.6

Sodium lauryl '+ullate 40

Pmpylenc 'dlycol mon_slearale 41)

Hydroxylated lanolin _,<_lium oleyl sulfate 42

Blends of GMS and sorbitan mon<_t_lcale 52

with 20 tools ethylene oxide

55

6O

65

The basic method next involves creating an interface

between the first and second phases. The creation of the

interface is achieved in such a way that mininml shear and

mixing occurs between the phases. The two immiscible
phases are brought together in such a mechanical manner

that the fluid she,m" properties are controlled to low levels,
below about 40 dynes/era-', and such that the adsorptive

surface properties at the immiscible interfaces are not sig-

nificantly altered. Although the exact mechanisms are not
fully understood, the inventors believe that the maintenance

of certain surface properties, such as the surface tension,

Helmholtz ch,'u'ge distribution lelectrical double layer), and

partitioning of the surfactant molecules between the immis-

cible phases must remain substantially intact so that lateral

phase separation can occur in a manner which allows

simultaneous formation of multiple liquid interfaces toil/

water or water/oil) and which results in microcapsules

having alternating spherical shells of hydrophilic and hydro-
phobic liquid layers. This is believed to be the mechanism

for the formation of multi-lamellar vesicles which are

formed in a single step. Although this can best be demon-

strated under microgravity conditions, wherein buoyant con-
vection is absent and diffusion-driven convection and sur-

face tension differences predominate, this also can be

accomplished in unit gravity conditions by balancing the

density differences between the two liquid phases or by any

other mechanical means which prevents excess fluid shear

from significantly altering the normal adsorptive surface

Coullx_und tit +B
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properlies which are determined bv the chemical composi-

tion of the formulas and the interfacial phenomena among

the solvents, polymers and smfact,mls. In a preferred

etnbodiment, the creation of the interface will occur by

sliding individually separated compartments containing lhe

t_vo phases into regisler with one another in a manner that

substantially limits shear and provides gentle mixing.

In the final step of lhe basic nmthod of forming Ihe

microcapstfles, conditions are established in order to st, b-

stantially limit all mixing between the inlet'faced liquid
phases. In the most pretenvd environment, the two phases
,xould be allowed to interact at their interface without

agitation, stimng, shearing or like force. It is preferred to
also linfit even those quiescent forces such a gravity-

controlled sedimentmg, phase separation into stratified

layers, shifting, drift and the like. Thus, in certain preferred

embodiments, only chiefly diffusion-driven convection, sur-

face tension, and interfacial coacerxation is used to sponta-

neously form microcapsules, as the chemical formulations

of the different phases assist in lowering the surface free

energy across the interface. It is also at this time that

lbrmation of the polymeric outer coating is initialed.

In one embodiment, the two liquids thus formulated are

separated into distinct compartments or spaces which spaces
are each connected to a central diffusion chamber into which

each compartment can deliver its residenl liquid loading.

The compartments are initially closed to access into the
central diffusion chamber so that the first and second liquids

are kept apart from one another and not allowed to interact.

\Vhile it is possible to use any number of devices to achieve

this separation, a prelerred device is a device like the

Materials Dispersion Apparatus _MEPS_ described in more

detail below. The separation of the two liquids is maintained

until both liquids and the device containing them can be

placed in an environment m which convecti',e mixing may

be minimized+ such as in a microgravity environment.

The methods of the invention are slightly diffelent

depending upon whether the first solvent is selected to be
organic o, aqueous. Where an organic solvent is used to

formulate the first phase, that organic solvent is selected

from the group of organic solvents consisting of ethyl

alcohol, methyl alcohol anti isopropyl alcohol. Where an

organic first solvent is used to formulate the first phase, the

first polymer is selected to be one soluble in the organic

solvent selected. Such a first polymer may be selected from

lhe group of polymers consJ.slJng of glycerol mono.slerate,

glycerol monooleale, gl.vcerol monolaurate, glycerol

dioleate, glycerol dislerate, cholesterol, sligmasterol.

phytosterol, campesterol, and lecithins such as phosph,'ttidyl

cholines q'e.g., Centrolex-F®L

Where the first solvent is aqueous, a slightly different

approach is taken. In those instances, the first polymer is

again requisitely soluble m lhe first aqueous phase and may

he selected flom the group of polymers consisting of poly-

vinyl pyrrolidone, polyvinyl alcohols, gelatin, gum

tragacanth, carrageenan. Karaya gum, Guar gum, gum

arabic, alginales, carboxvnleth}'l cellulose, hydroxyprops'l

cellulose, carboxypropyl cellulose, and lecithins.

Regardless of the formulation with an aqt, eous or organic

first solvent and polymer, the methods of the invention both

use a co-solvent which ma,v he selected from the group of

co-solvents consisting of C_-C,; alcohols, tetrahydrofuran,
dioxane, acetonitrile, dimethylformamide,

dimethylacetamide, and dimethyl sulfoxide. Similarly

regardless of the organic/aqueous nature of the first solvent

and polymer used, the methods of the invention add to the
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formulation of the first phase an oil. These oils may be
selected from the group of oils consisting of unsaturated oils

such as poppy seed oil, olive oil, peanut oil, sesame oil,
cotlon seed oil, soybean oil, safflower oil, corn oil. sunflo_ver
seed oil and canola oil or saturated oils such as mineral oil,

long chain paraffinic oil. and liquid petrolatum. In a pre-
len'ed embodiment, poppy seed oil will be iodinated to form

iodinated poppy seed oil qIPOI and incorporaled into a

microcapsule as a marker or tracer tot tracking the presence
of the microcapsule once injected via radiocontrast detectionm
methods known well to lhose of skill in the art of radiog-

raphy.

Whether the method involves an organic or an aqueous

first solvent, the second polymer, the surface actixe agent
and the salt may each be selected flom a particular group of

15 such compouncis. The second polymer may be selected from

the group of polymers consisting of polyethyleneglycol
1000-8000 daltons, dextran 1000-10000 daltons,

polyvinylpynolidone, polyvmyl alcohols, gelatin, gum

mlgacanth, catrageenan, Kmaya gun1, Guar gum, gum
2o arabic, alginates, carboxymethyl cellulose, hydroxypropyl

cellulose, carhoxyprop.vl cellulose, and lecilhins. The sur-
face acti ve agent is selected froth the group of surt_tce acti_ e
agents consisting of sorbilan monooleate treated with eth-

ylene oxide, dexmm, polyethylene glycol, C I2-C, o fatty

25 acids, 2-amino-2-methvl-l-propyl ammomethyl propanol
amphoteric salts and quaternary ammonium salts. The salt is

selected from the group of salts consisting of NaCI, KCI,

CaCI,, MgCI> quaternar', ammonium sails such as, cetyl

trimethylammonium bromide and 4-methoxy-4(3-

3o phosphatidbl chotinetspiroll,2-dioxetane-3-g,I-
adamantane* disodium salt.

In certain embodiments of the methods of the invention,

pharmaceufical compositions u'JlJ be incorporated into the

microcapsule. Where such pharmaceuticals are thusly

_s incorporated, they may be introduced initially as a solule or

as particulates suspended in one or the other of the liquids

used to formulate the layers of lhe microcapsules. In certain

embodiments, the ph_umaceutical is introduced in one of the

phases or layers used to produce the microcapsule al a

4u concentration sufficient to allow nascent crystal formation
within said microcapsule. Crystal formation may occur at or

neat" the time of formation of the microcapsule containing

the dissolved pharmaceutical material. The aqueous solvent

system, used to dissohe an aqueous-soluble pham_aceulical

45 is selected to permit water molecules to migrale away from

the drug-containing layer into the alcoholic mixture. The

process of crystal (om3ation is likely to be promoted in this

manner after formation of lhe microcapsule. In fact. il is

possible to enhance the crystallization, process after the

5o microcapsule is formed by controlled transport of the sol-

vent phase or laver in which the pharmaceutical to be
crystallized is a solute. In certain enlbodiments, the crystal

thus formed ma.v lake up ruost of the internal capacilx of the
microcapsule.

s_ Multi-layered microcapsules, with both hydrophobic and

hydrophilic drug compartments, as produced by the methods

of the invention enable diffusion of complimentary drugs

fiom the same microcapsule, e.g. antibiotics and immuno-

stimulants to treat resislanl infections or multiple fibrmolvtic

¢,0 drugs to dissolve emboli. Co-encapsulation of radio-contrast

medium as provided herein enables oncologists to monitor

the delivery of anti-tumor microcapsules 1o target tulnors

using computerized tomography and radiograph', thal track
the distribution of microcapsules after release fiom the

_,5 intra-arlerial calheler. Such microcapsules will have impor-
tant applications in chemotherap5 of certain li_er, kidney,
brain and other tumors.
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The diameters of microcapsules possible to attain using

the methods of the invention are also of particular usefulness

in medical applications. Thus, whereas prior art methods

have been able to routinely produce microcapsules over

I-10 micron average sizes, the present invention's methods

provide similarly-sized microcapsules of 1-20 micron diam-

eters lk)r intravenous administration. Also provided are

25-300 micron sized microcapsules particularly useful in

interarterial chemoembolization of tumors, and microcap-

sules in the range of 300 micron and greater tup to 500

microns, lk)r example_ diameters useful in intelperitoneal or

intramuscular administered drugs.

The pharmaceutical composition encapsulated in the

microcapsule may be one soluble in aqueous solutions or

may be one soluble in organic solutions. This, of course,

governs the selection of the phase or layer in which the

pharmaceutical composition is formulated. The microcap-

sules of the invention and methods for producing them are

of particular utility when formulating organic-soluble drugs

as these type of drugs are otherwise very difficult to admin-

ister. The pharmaceuticals may be those selected fiom the

group of such widely diversified pharmaceutical composi-

tions as that consisting of c vtotoxins, proteases, cytokines,

anti-nauseants, steroids, anti-fungal agents, fibrinolytic
enzymes, and antibiotics. The inventors have successfully

encapsulated representatives of these classes of pharmacet_-

ticals using the methods of the invention. It is also possible

to incorporate a phzua_laceutical composition which is not

initially dissolved in one or another of the phases or layers,

but rather which drug is in suspension. As noted above,

depending upon its solubility and upon where the pharuaa-

ceutical chemist wishes to locate the drug, it is possible to

formulate a drug in any of the phases or layers, by dissolving

or suspending the drug as needed.

The methods of the invention surprisingly demonstrated

the ability to package vel 3' high concentrations of drugs in

the layers formed. It is possible, using the methods of the

invention, to formulate a pharmaceutical at a concentration

sufficient to allow nascent crystal formation within the

microcapsule once it is formed. These microcapsules, due in

one regard to their being constructed with outer polymeric

coatings, are also particularly flexible yet rugged l able to

withstand shear forces greater than 10 dynes/cm-'L As will

be related specifically below, microgravity experiments, on

sounding rockets (1989-c)2_ and Shuttle missions STS-52

_1992_ and STS-56 11993) using an automated Materials

Dispersion Apparatus, produced nlulti-lamellar microcap-

sules containing both Cis-platinum lanti-tumor drugl and

iodinated poppy seed oil la non-radioactive, radiocontrast

medium_, surrounded by a polymeric skin. Microcapsules

2O
lbmaed with amoxicillin lantibiotic_ or urokinase (a clot

dissolving enzyme_, co-encapsulated with IPO, were still

intact after two years after return to l-g environments. In

many instances, microcapsules were formed with the Cis-

5 Platinum or amoxicillin so concentrated that crystals of the

drugs formed inside.

Surprisingly, the methods of the invention have demon-

strated a unique ability to encapsulate such saturated drug

solutions, and since the overall partitioning characteristics

Io between immiscible layers facilitates solvent transport out of

the aqueous layer, it is possible to concentrate the drug to the

point that formation of drug cryst,'ds occurs within the

microcapsules. This ability of the microcapsules and meth-

ods of the invention provides the maximum drug payload

15 per microcapsule and the best drug release kinetics for

prolonged treatment at maximum drug diffusion rates.

Microcapsules containing a large volume component of

crystalline drug provide the most concentrated drug possible

when it is released at the target site. Until the crystals are

20 completely dissolved, the drug release rate is independent of

time (zero order release kinetics). When the crystals have

dissolved, the drug release rates revert to first order kinetics

_exponential with time). The encapsulated crystals of the

invention are in the range of 1-50 microns in diameter. Since

2s these crystals are precipitated in situ. they are quite different

from the other commercially-available crystalline drug

delivery systems _e.g., Microcrystal®_ which use phospho-

lipids to encapsulate tiny particles or crystals of drugs with

an average diameter of only 0.3-1.0 micron [Parikl and
_l Stern 1994].

Another stnprising aspect of the microcapsules described

herein is their ability to form ct3,stals within the microcap-

sule. The inventors have observed that a protein contained in

one of the immiscible lavers within a microcapsule will lorm35
large, well structured crystals upon irradiation of the micro-

capsule with an energy source such as uv light that results in

vigorous mixing within the microcapsule. The crystals have

been observed to form within seconds during ilTadiation.

4o It is also possible to additionally treat the microcapsules

thus formed with additional steps. In some instances, the

methods of the invention, regardless of whether they ini-

tially use an organic or an aqueous first solvent, lbrmulate a

third phase comprising an oil or C_,o-CL_ paraffin and.

45 contact the formed microcapsule with the third phase. In
other instances, the methods of the invention form a two-

layered microcapsule, then formulate a third phase compris-

ing an aqueous solution and, contact the formed microcap-

sule with the third phase. The basic method and alternatives
are summarized below.

Group I Groul_ 2

Solulion 1 Sol'_ent 1 is a hydrocarb(_n

Polymers arc hydr_.'arbon soluble.

,,elected Io form Ihe oUlCl' coalin._

Itypicall 3 ot lower HI.B values)

S_lution 2

Co-solxcn[_. alc'oho[_,. ]lydlo,..'afb._ns [act

_t-. _:o-_,tlrl :lt21alll _,I

Oil,, natUl_led or tlrt_,aluratcd i_i]s

Prc,-tll!.lg o1" activator dissolved _or

nuspendcd particulat¢_

Solx'ent 2 aqueous

Polymer,, :',atcr _,oluble tPI'_G. Dextrant

Surlactant_, I typically higher

HI.B _ ahte_

Solvent t i_, aqueous

P,.)lymelS [skill) al,2 t_atcr soluble.

hut call be extended inl(', org;mic

phase t includes phospholipid,,_ Ex.

Cenuolex F _'

Oils same

Pro-dl'ttg ot aclivator di_,sol_cd {_t

parlit: utaltr I

Sol_cnl 2 _._IIIIC

POlyll_Cl'S _,alllt?

Surlactants same but o|lcn Its,, c
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Sohlti<,)n 3

-continued

Group I (Jroup 2

S_+I]I', ionJ+., qtK)l+'Dl;ll_ _ll)ll))ollJl,)} s_l]l_ _+lJl, sm+)c, bill often dfllcrcnl %

Pl'1_-dl+U_ <.)r acli',_9or Pro d)tl_¢ ill d_'l+_ _itOl

Oils hydlo,,:alJ_,ms ()il_ same

PolS|llcrn h_dr(_.at_m-sohtblc P,|5 |hers same

I)Âl.lg,, _.atl [K.' inchldcd [)D.I_'_ can bc included

-- ()R ..... ()R --

A[ll21TKitivt.' ;lqtlt2tRL _, 'scthltion A[lclTia[ive _lqtl_._tRi _, '_O]tlliOll

coalin_-adiux ant', coating nalnc

lins Ix',l?, mcr '.,amc

]_.'_]ylllCl "_, - aqtlCtll.ls soh)h]¢ '+IlI[_K.'I_III[_ s_llll¢

SUI'I ;1_.I_1111_,

As can be seen in light of the present disclosure, the

prodrug may be added to the Group I solutions and the

activator to the Group 2 solutions as is appropriate to the

solubility of the prodrug and activator.

Traditional emulsion methods form a OAV/()I oil/water/

oil) or W/O/V¢ twater/oil/water) liquid svstenl which is

designed to retain the internal phaseIs) within the external

solvent unless the emulsion is broken, whereupon the liquid
phases separate. In the methods of the in_ention, the use of

surlhctants and co-suffactants pernlits fc, rmation of an emul-

sion o1 large spheroids (not small microspheroids) of one
phase dispersed in the other phase configured in a sphere.

The sphe,e is also sunounded bv another immiscible liquid
laver (opposite phase to that of the innermost liquid sphere)

and then (often) this multi-layered sphere is contained in

another opposite-phase liquid layer and finally the entire

multi-lavered sphere is contained in an outer skin. The

results of the process of tl-_e invention are not It:. form a
traditional OOA_/O or W/O/W emulsion (which is a fine

dispersion of one phase in another), but rather to form

multi-I:nnellar, alternating immiscible-layer mictocapsules

contained within a thin, semi-permeable outer skin. In the

microcapsules of the invention, the immiscible phases are

distinct and separated according to the surface tension

characteristics of the liquids at each interface.

Thus, in certain embodiments of the methods and com-

positions of the invention, the muhi-layered microcapsule

will be produced which comprises at least three alternating

layers or phases. Thus. if the first layer is an aqueous layer

or core, the next layer may be an organic layer. This organic

layer may then be covered over by a second aqueous layer

which lk)rms on its outer surface a poh, meric skin.
Conversely, the liquid at tile core of the microcapsule may

be an organic liquid layered over by an aqueous layer
followed by another organic layer which forms a polymeric

skin over the surface of the microcapsule. Certainl,v. exten-

sion of these basic fornmlations may be envisioned where

four or more layers are possible or where multiple skins or

coatings are utilized.

Whether used in conjunction with a two-layer microcap-
sule or with microcapsules with more than t_vo layers, the

coatings of the present invention are of substantial utility,

particularly when the methods are tanted out at Earth-

normal gravity. The coatings can be either substantially of a

hydrophobic nature or of a hydrophilic nature as described

below and are derived froth addition of certain polymers in

the initial formulations of the liquids used to make the

microcapsu[es. Where hydrophobic coatings are used in

con.it, notion with drug-delivery systems, the coatings are

selected for their complementary pern)eability to the drug to

be delixered. The polymers are also selected for their
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flexible characteristics after fornlation and curing which ix

of particular utility during intrax ascular transport and allows

higher packing densities for torming emboli such as in
chemoembolization therapy. Thus. for example where a

2, water-soluble drug is to be delivered, the drug is contained

in an inner aqueous laver over which is placed a coating
pernleable to the dissolved drug. In alternate embodiments.

the drug may be more hydrophobic and will be contained in
a hydrocarbon laver within the microcapsule. In either

25 eml_odiment, the _lrug may actually be a prodrug, and an

activator may be contained in a laver immiscible with tile

layer containing the prodrug. Preferably, the coating mate-
rial should he inlpermeable to solvents or oils. The coatings

which have been observed to be deposited on the surfaces of
)<) the n-)icrocaf)sules of tile inventic)n are about 0.01-2.0

microns thick _here the coating is a hydrophohic coating.

and about 0.1-5.0 microns thick where hydrophilic coatings

are deposited.

The additional steps and third formulated phases may also

_ be used advantageously to proxide the microcapsule with

specific characteristics. Thus. the third phase may further

comprise a pharnlaceutical composition which is added to
the formed surface of the microcapsule. The third phase may

also he used to add a pharmaceutical composition such as an

,)() adjuvant. The adjuvant tnay further comprise an

itrnuunoglobulin, other protein, hydrocolloid or polysaccha-

ride. This is of particular utility in designing microcapsules
with unique immunologic, proteinaceous, sutlilce charge, or

other surface characteristics which makes them selectively

45 adhere to certain target tissues (cells) or renders the micro-

capsules attractive to certain phagocytic ceils twhen the cells

are the actual target for the therapeutic drug). Where the

adjuvant is a hydrocolloid, it may be selected fl'om the group

of such hvdrocolloids consisting of collagen, isoelectric

5o gelatin, agar, gunt arabic, gum tragacanth, alginates, cellu-

lose derivatives, guar gum, cyclodextrins, attd cattageenans.

The third phase may also further comprise a surface active

agent.

The third aqueous phase can also contain a chemical
55 activator which acts upon the inactixe lbrm of the pha,ma-

ceutical agent (drug) as it diffuses out of the inner layers of
the nticrocapsule. The function of the activator is to chemi-

cally convert the inactive drug to its actixe form _just before

it is released from the microcapsule, This is illustrated when

(_o the phaimaceutical is a pro-enzyme and where the activator

is another proteolytic enzyme which cleaves the pro-enzyme

at active site to render the molecule biologically active. This

embodiment can be used to deliver ','et3' labile drugs which
have limited shelf-lives or short biological half-lives where-

(,s upon the activator (third phase) can be added just prior to

intravascul_" administration such that the inactive drug

becomes actix ated after tile tnicrocapsules have reached the
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target site. This can maximize the therapeutic effectiveness
of the short-lived drug at the target site of action.

One o1" more of the phases of the microcapsule of the
invention may further comprise fluorescent molecnles

selected from the group of fluorescent molecules consisting
of fluoresceins, cyanins, naturally fluorescent molecules,
rhodamines, and others excited between 260 and 700

nanometers. This is particularly useful where radiocontrast

media are not desirable or where an additional tracking
method is useful o1 where it is of value to monitor the

presence o1"absence of a layer in the microcapsule, fluores-
cent molecules may be incorporated into the microcapsule of

the invention. Thus. lot instance, as described more full.','
below, it may be useful to incorporate a hydrophilic fluo-

rescent molecule in the aqueous liquid in order to determine
the relative location and number of aqueous liquid layers in

a certain production batch of microcapsules produced by the
methods of the invention.

Critical to the success of the methods of the invention is

the substantial limitation of mixing between said phases to
diffusion-driven convection and low fluid shear (less than 50

dynes/era 2_. One manner in which to so limit other types of

n-fixing is to c,'uxy out the methods under microgravity.
Micro,,ravitv is defined as a gravity force of less than
I× 10 -_ -g. Such gravmmonal environments may be achie',ed
in a variety of ways, at least some of which ,rue detailed

herein. For instance, microgravity may be achieved in

certain trajectories of sounding rockets. Even longer periods
of microgravity may be obtained with temporal' orbiters

such as the space shuttle. Relatively indefinite periods of

microgravity may be obtained in permanent o1 semiperma-

nent orbital space craft such as the orbital space station and

other geosynchronous orbital satellites. The exposure of the

first and second liquids to microgravity has been found to be

effective in forming the microcapsules of the invention
where the exposure is at least 6.5 minutes in duration.

Certainly, as described more fully below, oeater exposure

periods have also been proven successful. The inventors

have shown that periods of exposure as short as a few

seconds will also produce adequate numbers of microcap-
sules.

in formation of microcapsules, however, the methods of

the invention will not necessarily use microgravity in order

to limit mixing between the phases. Of course, such limi-

tations of mixing can be promoted by carrying out the
methods below ambient temperature. Limitation of interac-

tions between the phases is best promoted by substantially
balancing the specific gravity between said phases as is

described below. The fornmlations and methods necessa_, to

achieve Earth-normal microcapsule formation ,-u'e described

in greater detail herein. In either case. or in combinations of

these techniques, mixing between the two phases may be

chiefly the result of diffusion-driven convection.

The inventors have found that there is a greater size

distribution which results from microencapsulation at Earth-

normal _avity. At least a partial reason for this wider size

distribution is apparently the inability under E,'u'th-normal

gravity to avoid certain sedimentation phenomena alone and

sedimentation effects combined with weight-related contact

of sedimented microcapsules. These facts require some
additional manipulation under Earth-normal environments

not required in the O-g environments--namely, sieving of

the resulting microcapsules in order to generate more uni-

form fractions. Therefore, at Earth-nornml gravity, the utility

of the outer coating of the microcapsules of the present
invention become even more important. Enhancing the

ruggedness of the Earth-normal microcapsules by curing and

other steps as related herein may also be used.
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A preferred method of making a multi-layered microcap-
sule comprises: formulating a first phase comprising an
organic solvent selected fiom the group of organic solvents

consisting of ethyl alcohol, methyl alcohol and isopropyl
5 alcohol, a first polymer soluble in the first phase selected

from the group of polymers consisting of glycerol
monosterate, glycerol monooleate, glycerol monolaurate,

glycerol dioleate, glycerol disterate, cholesterol,

stig,nasterol, phytosterol, campesterol, lecithins such as

m phosphatidyl cholines (e.g., Centrolex-F®), a co-soBent

selected from the group of co-solvents consisting of C _-Cs

alcohols, tetrahydrofuran, dioxane, acetonitrile,

dimethylformamide, dimethylacetamide, and dimethvl

,sulfoxide, an oil selected fiom the group of oils consisting

15 of poppy seed oil, olive oil, peanut oil, sesame oil, cotton

seed oil, soybean oil, safflower oil. corn oil, sunflower seed

oil, canola oil (unsaturated oils), or mineral oil, long chain

paraffinic oil. and liquid petrolatum (saturated oils), and

water: formulating a second phase immiscible with the first

2o phase, the second phase comprising water, a second polymer

soluble in the second phase selected from the group of

polymers consisting of polyethyleneglycol 1000-8000

daltons, dextran 1000-100(30 daltons, polyvinylpyrrolidone,

polyvinyl alcohols, gelatin, gum tragacanth, carrageenan,

25 Karaya gum, Guar gum, gum arabic, alginates, carboxym-

ethyl cellulose, hydroxypropyl cellulose, hydroxyethyl
cellulose, carboxypropyl cellulose, lecithins, a surface active

agent selected from the group consisting of sorbitan

monooleate treated with ethylene oxide, dextran, polyeth-
3o ylene glycol. C__,--C_,. fatty acids, cyclodextrins. PEG-

dextran copolymer, PEG-acrylates, lactides, galactides,

chitosan. Zein®, carbapol®, polyoxamers, quaternary

ammonium salts, and a salt selected from the group of salts

consisting of NaCI, KCI, CaCI,, MgCI_. quaternary ammo-

35 nium salts, cetyl trimethylammoniun_ bromide, 2-amino-2-

methyl-l-propyl aminomethyl propanol, and 4-methoxy-4

(3-phosphatidyl choline )spiro( 1,2-dioxetane-3-g, 1-

adamantanei disodium salt: the surface active agent having

a hydrophilic/lipophilic balance value greater than that of

z0 the first polymer: the second polymer having a hydrophilic/
lipophilic balance value lower than that of the surface active

agent: creating an interface between the first and second

phases in a manner that substantially limits fluid she,u-, and,

substantially maintaining adsorptive surface characteristics
45 of said interface.

Microcapsule products produced by any of the methods of

the invention ,are also claimed. The methods of the invention

are used to fore1 unique multi-lamell0x, microcapsules, hav-

ing alternating hydrophilic and hydrophobic liquid layers

5o surrounded by a flexible, senti-permeable, polymeric outer

"skin". The outer skin which can be either hydrophilic or

hydrophobic, is designed to allow controlled drug diffusion
out of the microcapsule.

Unlike any natural phospholipid o1 other component of
55 cell membranes, the outer skin of the microcapsules of the

invention avoids recognition and phagocytosis by immune

cells, thereby increasing the amount of drug delivered to the

tissues. The multi-layered microcapsules of the invention

can entrap multiple drugs in different solvent compartments

_,0 and saturated solutions of drugs which may then form

crystals inside the microcapsule. Radiocontrast medium can

be co-encapsulated with drugs in the same microcapsule. A

magnetic resonance contrast agent can also be encapsulated

such as various metallo-organic compounds including aque-

65 ous soluble ferrous gluconate. Gadolinium diethylene tri-

amine pentaacetic acid and hydrocarbon-soluble, iron pen-
tacarbonyl.
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The microcapsules of tile imention ha',e been found to

provide a stuprisingl3 uniform distribution of diameters.

This uniformity is particuhnly important in its medical

applications. The microcapsules thus produced can he used

to deliver several drugs which can he released sequentially

to the target tissues. The deformable, liquid-lilled microcap-

sules also have advantages mer solid matrix microcapsules

in achieving maxinlunl packing densit5 in blood vessels,

thereb', decreasing blood flow to target tissues. This

enhances the therapeutic effect of combined drug delivery

and reducing the blood supply to vascular tumors

(chemoembolization).

The methods of the invention result in more spherical,

uniform size distributions of microcapsules. When compar-

ing certain prior art equipment and methods for forming

microcapsules (Microfluidics. Inc..), the inxentors found

that even the preferred formulations of the invention were

incapable of providing such tmiformitv. In cerlain instances,

hardly any microcapsules formed at all where mixing and

vonexing were used to distribute one phase into the next. In

others, poorly formed and non-spherical microcapsules

resulted. In contrast to tile failures of tile prior art methods,

the methods of the invention were successfully used to

generate unifoml, spherical microcapsules both under unit

gravity and under lnierogravity conditions, Such unifnrmity

enables superior drug deliver). Enhanced unilbrnfitv also

enables better dose distribution calculations for establishing

the therapeutic dose in the treatment of specific diseases,

especially treatment of certain types of tumors, hnponantly.

the methods of the invention allow the lk)rmation of larger-

sized, multi-lamellar microcapsules II-500 micron) than

heretofore possible. Such a capability allows multilamellar

microcapsules to be made specilically for inhalation and

deposition in the lungs. This uniformity alloxvs facile sieving

or filtering of tl_e microcapsule products m order to obtain

highly unif<mn diameter fi'actions.

As previously noted, the microcapsules of the invention

may contain polysaccharides. Inclusion of such polysaccha-

rides is one of several aspects of the methods of the
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invention that enhance the formation of tile microcapsules.

Tile inclusion of injectable polysaccharides in the formula-

tions of the invention contributes to the driving forces thal

control phase separation and phase partitioning of tile

enmtpped drugs. The polysaccharides also provide increased

shelf-life and stability of the parenteral suspensions. Use of

tile neutral salt solutions in the aqueous phase enhances

micelle tk>rmation, lateral phase separation, and increases the

dispersion of microcapsules and their stability as they are

m formed. In certain embodiments, phosphate buflered saline

containing dextran may be used.

The methods of the invention in a prefelTed embodiment

utilize a non-phospholipid outer coating. The microcapsules
formed by this method are contained in a thin. semi-

Is pemleable, outer membrane comprised of hydrophobic (e.g.

monc,- oz" polyg/ycerides or wax.x-polymers) or hydrophilic

polymers le.g., PVA or PVPk depending on the desired

diffusion re/case rate of tile encapsulated drug. Thus, the

coatine has the advantage of allowing design of the appro-

2u priate _lrug diffusion and release characteristics while axoid-

ing certain of the disadvantages of conventional liposomes

land lipid bilayersk [n particular, tile coating produced by

the methods of the invention around the outer surface of the

microcapsule avoids being readily detected and largely
_.25 eliminated by the reticuloendotheiial system (RES). The

other skin protects the microcapsu]es against shear forces

encountered during manufacturing processes and during

transport within the vascular svslenl en route to the target

tissues. The hvdrophobic, outer membrane also can be

_( designed to retard oxygen transport, thereby reducing oxi-

dative degradation of the entrapped drug and improving the

shelf-life of the parenteral suspensions. The flexible/

deformable outer skin on the microcapsules of tile invention

results in increased packing densities within vascular beds.

35 This results in microcapsules superior to solid microspheres

{e.g. gelatin, albumin or starch) commonly used for

chemoemholization therap,v against tumors. The formula-

tions used to produce the microcapsules of the invention are
summarized belo_v.

Fommla_ lot Primat3, So.'omlary anti Tcnial.? Solution_

I_, Micrc, cncapsulation

Prinlm 3 Solution S, econdm 3

also (.an t-onlain dlllg ) %oItllioII

Tcniax 3

5_oltl/Ion

{ate) (.all _.t)ntaH1

di,_sol_ ed drug)

Groul_ I Fir,q Solxcnt (75-90', I

eth 31 alcohul

nl¢lh) ] alc,fflol

isoprop) I alcohol

( Irganit C(_-solveltl O-21F,

C ,--C. alcohol.

I¢lrah3 drolurarJ (THF)

dioxanc

act.'h:q)ilri]¢

dimethyllonnamidc

dimelhyt _.tllloxJdc

S,t))

,_CColld ]o],¢¢111 _,;llCi

( 70-qSq }

Polymer •

( 1-10% )

p()]3 clhylcne

glycol

PF.G - IfXIO-R(XX)

Oils lup to 1(IO', )

IP()

HcaM', mineral oil

,)li_ e oil

same a_ ill

primaJ 3 xoln

Parallins

1C2o--('_ _ )

Altcmatr, c

Aqueous solnlions

t.OlllaJnin_ -

hnlYnnloglohtllin',

Albmnin

Gelatin

Hvdr(_. olloid..

plant McIOI_

phoxpholil_id.

p( dy xa,:dlaridc,,

- slalches

- c.,. d_Mextrinx
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Fomlulas h}l Pi-itnaO. Scco0dal_ and Terlku...y So|uti,._rr-.

lot Micr(_'ncap,,ulation

Tcnia D

Sohllion

Primm? Solution Sccondm T <also can ti)ntain

(al_.o tall conlaJn d111_2) SclltlliOll di,,,,,fi','cd &"u_ I

Polymers ( ix@,_.a¢charidc_, ) Pol.', m¢r',

1t-5 (,) tmono_lvceratcd) l)cxtran 41_)_)-

glycerol mono,,tcaratc 20(XIl)

glycerol mom_)lcalc (range IlX)OO-

_dlyccrol in,on,,)hlurat,,.' 1()_X)(R)))

lx_|y_ L',',ccridc',) other,.

glycerol diolcatc I_ly'viny I-

gl', ccn)l distcaratc pyn'olidonc
pt_ly','in','l

I stcrols ) Smtactant_,

cholesterol (ionic and non-ionic)

plant stcrol', - ( I--IG )

_,figmasterol ",urbitan

phyto,,.Icrol mon.._,)leal¢ plus celluloses

_.'anlpcM,2rol ethv [curt oxides
Dcxtran

PEG

Co--C_,. fatly acid

qnalelnar3. NH 4

sail

t pho,,pholipid_,

lecithin',

e.g.. ph,),,phafidyl choline

Cenlrolex-F _ _1

Water ( I-5C< ) water

Oib,

(tln,,aturap2d or saturated)

( l-lOG )

ic,dinatcd r_',ppy _,¢ed oih

n'tincral oil

,.:i'_lton ,,cod oil

o|ixe oil

safflower oil

canola oil

peanut till

_.csame oil

corn oil

l)issoh cd I)rngs

( ICl to ,,aturation)

therapeutic of choice

Group 2 Aqueous, Fir,,t Solvent v,'atcr

+70-005 )

Co-_)oh enid., 11)-20' +)

C_--C_ alcohob,

tctrah.\ drofurml (THF)

di()xanc

acctouitt'ilc

dimcthy IIommmidc

F)

dimethyl ,,ulthxidc

S(.))

Polymers hydrophilic

(water '-.oluble )

l'x)lyvinylpym)lidonc

P)

_>ly'dnyl aic()hol _, (PVA)

hy dt',,_c,.)lh)id',

,gelatin

gum tra?_a_:anth

Cal'ra_eenan',

kzu'aya _um

guar ._um

Additional Polymcr',

( l-lOq )

Ihydn_colloids)

oelatin

gum tragacanth

carragcenans

karaya gum

final' ,gum

(ccllulo_,es)

cellulose',

(CMC. WEC,

HPC)

Salts

( 0-.-3"'i )

Nat[

KCI, CaCI>

quaternary NH4

hairs,

cctyl

P.

PPI)

I)is_,oh'cd l)n_gs
( 1¢¢ tO _atulation_

_,olublc thcrapeulic

Same a,, Group 1

Co-Sol\ cnts

Siunc as prmm_3

No]ulion

Polymers < 1-10'+ )

Same as Group 1

Surfactants ( 1-20Ci )

(ionic and non-io,ic )

Suane as Group 1

Sul'tht:tanl'. ( 1-4++ I

tiorhc and turn-ionic)

long chum

Additional Polymers

Stone a', _condat_

solution

1)isr, olvcd Drugs

I ] ¢-++IO _,alnl-alion]

Oil', (up to l(X)ce)

Stone as Group I

Ahcl'nad,, c',

Aqneou'-, ,.,oht lion ,,

Same as Group I

Po/vtn¢ r+,

Same as SccondaJT

Solntion

Surfa,dtant s

Same as SccondalT
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-continued

Formulas tol Prmlal._. Scc,andaQ alld Tcllial_ Sohllions

[_11' _.|iCll u2n_. ;ipstllgllion

Pl-illla r). Solution Sccond;u 3

lal'_u can ciinlain dl'tlgl _oltllR_n

Tu'llial._

Solution

{al_,o _.all _.onlaill

dinsol_cd drag I

alginalc',

celluloses CMC. CPC Additional Polymcr_

phonpholipid_ I- ItV,

lccilhins

phoxphalidyl choline

('entrolcx F

lx_l} _accharklcs Salts 1(t-Yri I

Coln March _,gllll¢ an (_rotlp 1

c', chxlex Irins

()il', I tlrlsatl.lratcd OF salUlallcdl

I-lOg

i,_linalcd pop_ ',eed oil

IIP()_

ininc'ral oil

t'otlon _c'c'tl oil

olix_ oil

salllmver oil

calloia oil

lmanui oil

",C ",allle oil

corn oil

l)issolvcd I)rugn I)isnolxed l)rug_

]¢_ IO salUralioN l_r ill xaltirllliOn

Solulion

I)i_sol_ ed I)nlgs

[fl Io naltll-allon

Where the microcapsules of the invention comprise a

pharmaceutical composition, certain medically related

advantages may be obtained. Thus, due to the uniformity and
ease with which the methods of the invention allow forma-

tion of multilamellar microcapsules, co-encapsulation of

multiple drugs is made possible. Thus, for instance, as will

be described nlore lull)' below, co-encapsulation of drugs

and radiocontrast medium in the same microcapsules is

made possible by, the methods of the invention. Such

co-encapsulation allows radiological monitoring of the tis-

sue distribution during intravascular delivery. Additionally,

incorporation of fluorescent-labels for entrapped drugs
enables accurate measure of the drug compartment volun_es

(using fluorescent imaging techniquesl and convenient

determinations of the drug loading efficiencies, pmlicle size

distribtitions and measurement of shelf life stability of the

final parenteral suspensions. In some applications made

possible by' the methods and compositions of the invention.

the organic phase can include a tracer compound or radio-

contrast medium to provide the additional advantage of

real-time imaging of the microcapsules with computerized

tomography ICT) scanning as they' are released from the

catheter en route to the target tissue. Other examples include

aqueous soluble metallo-organic compounds nsed tot" diag-

nostic intaging such as ferrous gluconate or Gadolinium

diethylene triamine pentaacetic acid (Gd-DTPAI used for
nuclear magnetic resonance mmging and hydrocarbon

soluble agents such as iron pentacarbonyl which also may he
used for NMR imaging.

Production of multi-layered microcapsules via the meth-

ods of the invention which possess alternating hydrophohic

and hydrophilic drug compartments allows for design of

multiple-therapy microcapsules. Spontaneous lornlation of

microcapsules with one or more large hydrophobic solvent

compartments increases the potential application for deliv-
ery of more aqueous-insoluble drug at target sites with

adequate vascular networks. By using the microcapsules

30

made possible by the methods of the invention, sequential

diffusion of two or more drugs out of the same microcapsule

may be achieved at the target tissues. The incoq_oration of

aqueous-soluble cyclodextrin which can act as an internal

35 hydrophobic drug cmxier is also made practical nsing the

single step methods and fornmlations provided in this inven-

tion. This extends the capability of the in_ention in deliv-

ering otherwise aqueous-insoluble drugs.

For instance, the use of multiple drugs within the same

40 microcapsule provides microcapsules specifically' designed

for chemoembolization treatments. Muhiple-drug microcap-
sules also may be used to deliver first a chemotllerapeutic

drug which kills tumor cells, and then an immuno-adjuvant

(tumor necrosis faclorl or immunological stimulant (e.g.
45 interferon-g) that would enhance the patient's immune

response to the tumor. Multiple-drag microcapsules can also

be used to deliver combinations of chenlotherapeutic drugs

to tumors that are located in privileged sites, such as brain

tumors. For example, and as described more fully in the

5o examples to follow, simultaneous deliver,v of different types

of drugs in the same microcapsule is made possible with the

methods and compositions of the invention, e.g. diaziquone

and cis-platinum to brain tumors via the carotid at'teD_
[Kimier et al. 19031, Multi-layered microcapsules may also

55 be used to treat deep infections that are resistant to systemic

antibiotics. In these applications, one or more antibiotics

may, be sequentially delivered to the site of the infection.

Multi-layered microcapsules can be designed to protect
active forms of urokinase and other thrombolvtic enzymes

(,0 until they are delivered and entrapped at the local site of a

blood clot. where therapeutic doses of the enzyme may then
diffuse out to dissoke the unwanted emholisnt. The multi-

lamellar microcapsules can also be used to deliver inmm-
nostimulants: cytokines such as Interferons. lnterleukins,

65 and growth factors: antmauseants such as metoclopramide
and tetrahydrocannabinol: multiple tibrinolytic enzymes

such as urokmase _uPA), tissue plasminogen activator ItPA)
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and streptokinase: steroids such as hydrocortisone,

dexamethasone, etc.: anti-fungals such as nystatin and
griseofulvin, anti-vitals such as amantidine,

iododeoxuridine, riboviran: and multiple antibiotics such as
amoxicillin, ampicillin, etc. 5

As used herein the term contain or contained in a micro-

capsule or ill a liquid phase or layer is construed to have its

normal meaning, and may include suspended or dissolved as
in a liquid layer, or interface, and also includes the meaning

associated with a liquid layer or"polymer shell including on H_
its inner or outer surfaces. The terms contained or associated

with a liquid layer"or"phase may also be interpreted to mean
having a higher solubility in that phase, than in another
phase within the microcapsule, or preferentially partitioning
in a particular phase or in the interface. As used herein, the t5

term "prodrug'" or "'proenzyme'" includes the meaning of a

precursor, such as intraglandular prohoruaones, or"the mean-

ins of an agent whose drug or enzymatic activity, or phar-

macological action, results from a conversion or transfor-
mation into an active form. Such conversion may be the 2o

resuh of a metabolic process or biotransformation, or it may
be the result of a manmade reaction.

BRIEF DESCRIPTION OF THE DRAWINGS

2s
For" a detailed description of a preferred embodiment of

the in_ention, reference will now be made to the accompa-

nying drawings wherein:

FIG. 1. Schematic of in situ activated microcapsules.

DETAILED DESCRIPTION OF THE 3o

PREFERRED EMBODIMENTS

The present disclosure provides methods of encapsulating

multiple drugs or biological therapeutics into liquid micro-

capsules or liposomes that are designed for delivery to 35
selected tissues or organs where, upon activation, a short-

lived drug can be released directly to the target area by
diffusion out of the microcapsules. A method of the present

disclosure may be used to form nmlti-lamellar microcap-

sules having alternating hydrophilic and hydrophobic liquid 40

layers surrounded by a flexible, semi-permeable, polymeric

outer "'skin." In this embodiment, the outer skin is designed

to allow sustained diffusion of the bioactive drug from the
microcapsule.

The methods and compositions of the present invention 4s

may use special formulations of solubilized drugs,

suffactants, polymeric co-suffactants, and energy absorbing

components within a specific immiscible liquid phase. The

energy absorbing medium (e.g. photo activator,

thennoabsorber, etc.) absorbs electromagnetic, ultraviolet s_

(UV). infrm'ed (IR), ultrasonic, radiofrequency (RF_, or

microwave radiation and thereby causes chemical activation

of a chemical substrate or drug precursor into a bioactive

drug molecule which can readily diffuse out of the micro-
capsule. The absorbed energy also can be used to create 55

thermal convection, Maragoni flows or other high velocity
flows that can cause interfacial mixing, redistribution of

partitioning con_partments within immiscible phases, and

increased radiocontrast of selected components within cer-

tain liquid compartments. This is exemplified by UV 6o

(220-390 nanometers) photoactivation of microcapsules

containing drugs, fluorescent compounds and radiocontrast

media in the same microcapsule. The in situ activated

microcapsules are characterized by: outer polymeric mem-

branes that are both transparent to the activating radiations 65

and are permeable to the bioactive drug thereby allowing

sustained time-release of the active drug; immiscible fluid
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compartments inside the microcapsules or internal spheroids
stnxounded by thermosensitive or" a shear sensitive interfa-

cial bound,wy or" membrane, containing chemical compo-

nents that absorb the activating energy, chemical reactions

or convective mixing that convert the prodrug or proenzyme

to the bioactive form or change the molecular form of a drug
!which is already bioactivel to increase its diffusion rate out

of the microcapsule or its bioavailability once it has been

released: and a longer shelf-life than that of the bioactive

drug dissolved or" suspended in the carrier solution.

Included within the present disclosure are multi-layered

liquid microcapsules and methods of forming the multi-

layered liquid microcapsules comprising a drug permeable

outer skin or membrane surrounding a sphere of immiscible

fluid compartments. The immiscible compartments may

contain a drug precursor in one phase and an activating agent

in another phase. The activating agent may be activated by

exposure to external electromagnetic radiation or other

forms of activating energy causing it to react with the drug

precursor to produce an active drug or agent.

Also included are methods of storing pharmaceuticals or

bioactive drugs by producing the microcapsules as described

in the previous paragraph and storing such formulations so

that they are protected fiom light and other forms of acti-

vating energy until they are to be administered to a subject.

Embodiments of the present invention include methods of

exposing the microcapsules to activating radiation or other

forms of activating energy. These methods include, but are

not limited to the following:

_aJ Direct exposure of the microcapsules in dry or" liquid
dispersion just prior to dispensing. This method may be

accomplished, for example, by exposure to radiation

from a band pass filter system, laser light infrared light,
radio waves or nhcrowaves, or a combination of same,

all of which are transnfitted through the outer mem-

brane of the microcapsules to be absorbed by the

activating agent which has been co-encapsulated with
the precursor drug.

b !Entrapment of the microcapsules in tissue followed by

external administration of the activating energy

through the skin and outer tissues of a subject without

physiological damage and absorption of the energy by

the activating agent within the microcapsules.

_cl Entrapment of microcapsules in arterioles, venules, or

tissues, followed by exposure of the microcapsules via
intravascular catheters, or other internal devices con-

taining a fiber optic probe, electromagnetic transducer,

or other miniature energy transducer that can transmit

the activating energy locally to the entrapped micro-
capsules.

In the practice of certain embodiments of the inventions,

the absorption of the activating energy may result in a

chemical reaction between an activator and a prodrug or
enzyme precursor that produces a bioactive molecular

moiety, or such absorption may drive fluid mixing and
turbulent fluid flows wherein the internal mixing of the
immiscible internal phase containing the prodrug and the
internal phase containing the activator results in production

of the bioactive form of the drug. Alternatively, absorption

of activating energy may occur inside inner spheroids sur-

rounded by a thermosensitive membrane containing a solu-

tion of the activating agent where energy deposition

increases the temperature in the spheroid causing the ther-

mosensitive membrane to rupture or dissolve, allowing the
activating solution to mix with the next outer solution

containing the prodrug or substrate to produce the active
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agent which then diffuses out of tile microcapsule. The

activating energy may also be absorbed by tile outer menl-

brahe of the microcapsnles, or by an activating agent that,

upon activation, dissolves or disrupts the outer membrane

thereby releasing a bolus of bioactive drug at the /()ca/site.

An embodiment of the present invention is also micro-

capsules in which activating energy is absorbed by radio-

contrast media contained in the microcapsules, thus increas-

ing the radio-opacity of the media while the microcapsules

are trapped in tissue. Examples of such radiocontrast media

include, but are not limited to halogenated oils such as

halogenated poppy seed oil. cotton seed oil, soybean nil,
safflower oil. corn oil, sesame seed oil. canola oil, and others

that can be readily iodinated to produce at radio-opaque

contrast lnedium for radiographic imaging.

For the purposes of this disclosure, the terms "'a", "an"

and "one" encompasses the conventional meaning, and

includes the meaning "'one or more.'" Hence, a description of

a microcapsule, or a pro-drug, for example, x_ottld include

tile meaning one or more as a particular context reqtmvs.

A gel to be used in the procedures of the present invention.

e.g. m obtain microcapsules of a certain size, is a three

dimensional network which has a random structtne, blolecu-

lar sieve gels consist of cross-linked polymers that do not

bind or react with the material being analyzed or separated.

For gel filtration puqx)ses, the gel material is generally

uncharged. The space within the gel is filled with liquid and

the liquid phase constitutes the majority of the gel volume.

Materials commonly used in gel filtration columns include

dextran, agarose and polyaculanfide.

Dextran is a polysaccharide composed of glucose residues

and is commercially available under the names Sephadex

_Pharmacia Fine Chemicals, Inc.). The beads are prep,'u'ed

with various degrees of cross-linking in order to separate

different sized molecules b,v providing various pore sizes.

The size of the cross-linking molecule can also be increased

to obtain larger pore sizes. Alkyl dextran is cross-linked with

N.N'-methylenebisacrylamide to from Sephacryl-S300

which allows strong beads to be made that fractionate in

larger ranges than Sephadex can achiexe.

Polyacrylamide is a polymer of cross-linked acrylamide

prepared with N,N'-methylenebisacrylamide as the cross-

linking agent. Polyacrvlamide is available in a variety of

pore sizes from Bio-Rad Laboratories (USAI to be used for

separation of different size particles. For a discussion of gel

chromatography, see Freifelder. Physical Biochemistry, Sec-

ond Edition, pages 238-246, incoq_orated herein by refer-

ence.

A series of more than 38 sepm'ate experiments on tkmr

space flights has led to the development of aspects of this

invention. These experiments along with their ground-based

counterparts are described below for the ptnl_ose of pointing

out the invention specifically and providing details useful in

carrying out the invention. These specific examples,

however, do not limit the scope of the claimed invention.

The inventors have demonstrated that methods of making

microcapsules that use the preferred formulations of the

present disclosure and that utilize vigorous mixing at Earth-

normal gravity typically fail to form microcapsules of any

kind. In some attempts, poorly formed microcapsules have

been formed. Typically. these microcapsules will demon-

strate considerable lack of sphericity, coalescence, and non-

uniformity.

By contrast, when the methods of the invention are

applied to form microcapsules, both in microgravity and

under unit gravity at temperatures below ambient, numerous

capsules may be fanned, having both large and small
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diameters. Early studies showed thal the microcapsules

formed when tile first phase was organic and when the first

phase was aqueous. These studies demonstrated that unifor-

mity and sphericity, is at common characteristic of the

5 microcapsules of tile invention, regardless of tile gravity

environment. At higher magnification, these microcapsules+

formed at unit gravity were discovered to comprise, m

certain cases, several oil solvent spheroids nested inside a

microcapsule, each of which oil solvent spheroids was

I<) sunotmded by the inner aqueous lavet +.

Microcapsules formed under microgravity were made

with a fluorescent dye in order to demonstrate the ability of

the microcapsules of the invention to segregate at drug into

a distinct layer. Viewing the microcapst.les using a light

15 source and optics to enable xisualization of the fluorescent

dye location, tile internal spheroids and aqueous shell or

layer were seen to fluoresce, indicating the location of the

dye therein.

Other studies demonstrated the capacity of the methods of

__o the invention to create spherical microcapsules of uniform

and substantial volumes which m'e capable of forming

crystalline structures in their internal layers or shells. The

inventors made microcapsules with a single cubic crystal of

Cis-platinum trapped within, as well as microcapsules with

25 numerous crystals of Cis-Platinum formed within. The Cis-

Platinum containing microcapsules were also treated to

contain a radio-contrast oil liodinated poppy seed oil).

FIG. 1 is a schematic drawing of the in silt. activation of

a drug or enzylne contained ill a microcapsule. The micro-

v) capsule 120 has an outer polymer membrane 122 thai

encloses at least two immiscible liquid phases. A first

internal, continuous phase 128 contains a prodrug or proen-

zyme 13tl, and a second internal, phase 124 contains an

activatine a..zenl 126. Activatin_ electr_ lna=netic enerey 132

_5 is shown passing through the outer membrane 122 and

causing the two phases 12,.1, 128 to mix. bringing the

activating agent 126 and the prodrug oi proenz3nle 130 into
contact. This contact rest, Its in formation of an activated

drug o1 enzyme 13-1 to which tile outer Inembrane 122 is

4u permeable allowing the drug or enzyme to diffuse out of the

microcapsule 120.

The following examples are offered by way of illustration

and are not intended to linfit the scope of the invention in any

manner. All of tile materials used in these examples were

45 obtained from well known cornmercia[ sources, or as spe-

cifically slated in the examples. Essentially conventional

methods were employed in each instance where no specific

procedure is stated.

5o EXAMPLE 1

Microgravity Experiments Summary

The basic fornmlations and simplified liquid-liquid, dis-

persion methods were developed in 1088 and 1089. The

55 conceptual approach is shown in FIG, 1. FIG. 1 is a

schematic showing formation of a multi-lamell.'u microc:tp-

sule with an aqueous drug/oil dispersion at its center, a

hydrocarbon/oil drug#2 and/or radiocontrast medium le.g.

IPO) as a next layer, an aqueous layer/drug _e.g., cis-

0_ platinum) as a next layer, and a pol.wneric outer coating or

skin. Microencapsulation-related experiments designed to

oxercome the limitations of the first methods were con-

ducted on six space missions beginning in April It)g0 with

the Cousort-I sounding rocket using the Materials Disper-

_,5 sion Apparatus I MDA) mini-lab developed by Instrumenta-

tion Teclmology Associates, Inc. The sounding rocket flights

produced only 6.5 minutes of micrograviLv conditions, but
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this was adequate to form the unique microcapsules in a EXAMPLE ill

single step. Experiments on the Space Shuttle permitted l0
minute dispersion times followed by curing of the outer Sounding Rocket Experiments

polyglyceride skin fox" eight days under microgravity con- lnitial experiments on Consort-I and -3 were used to
ditions. A summary of these experiments is shown in Table 5 dete,-mine the effective mixing and diffusion kinetics in the
2. New tbrmulations were tested on Shuttle STS-52. using MDAs (see below for apparatus description). This showed
only aqueous-soluble drugs, polymers and surfactants, and that sufficient volume was mixed at the interface via diffu-

on STS-56 using alcohols as co-surfactants. The specific sion to allow forulation of microcapsules. These experi-
experiments and results are described in detail in the ments also provided the diffusion constants for each of the

examples to |bllow. components of the liquid phases.

TABLE2

MEI) btieh/ I_xpcrimcnls Summazx,

MISSIC.N DATE EXPERIMENTS MATERIAI,S RESULTS

C.nsort-I 4/8q protein dillusion urokinase &
antib_lies

('on,,ort-1 t/q'O diflu_,ion urokinasc &
kinetic,, mxoolobin

Con_lrt-4 1I/t)l nficroencap',ula- Ci,,-Platimml.
ti,n of dll.l_, zb amoxicillin.

urokinasc & Strepl-
avidin

Consorl-5 t_/t,_2 microencapsula- Ci,,-platmum.
lion ,af drags'a' amoxicillin &

tll'_ )killgl'se

STS-52 1{1f92

STS-5__ 4f03

micr__.'ncapsulu- Cis-platinum,
don of drugs amoxicillin &
laqueotp, Ulokma,,e
polymers only )ah

micxx×_ncapsula - Ci',-plaliululn.
lion ol drugs amoxicillin &
_alc.hol co- mokinasc
Stll_;_lC |itllts ):,h

diffusion xales established

kinetics xtrilled

nmhi-lguncllar

nrficr_:apsules xvl alternating
hvdrophilic & hydrophobic
layer,,
multi-lamcllar
micr_x:apsulcsxwahcrnating
hydrophilic & h.',drophobic
layers
muhi-lamcllar
llli_'l'Ot2 aps ule M Cl_'Sla]_

within n'ticmcapsulcs

muhi-lzunellar
micr_v,.apstfle,.,ct.'ystals
wilhm microcapsulcs

"bluon'csccntlabel,, included
bFquorcscCnll_'ads included

EXAMPLE II

Gravity-Dependent Restrictions Recognized

Gravity-dependent restrictions in the basic liquid-liquid
spontaneous microencapsulation process led to the design of

several nficrogravity experiments to explore the utility of

this process when density-driven phenomena were elimi-

nated. In particular, density-driven, gravity-dependent
restrictions of the liquid-liquid microencapsulation process

were: early phase separation producing fragile microcap-

sules: interfacial dynamic floss, causing coalescence of

microcapsules. Failure of ground-based experiments to

derive uniform microcapsules lead to a desire to attempt
microcapsule formation in space.

The microgravity flight experiments led to the develop-

ment of a new liquid-liquid microencapsulation process that

involves use of suffactants and co-surfactants in the aqueous

phase and co-surfactant alcohols in the organic phase, which

also contained, in one embodiment, high molecular weight

polymers that fornaed a tough outer "'skin" on the final

microcapsules. In microgravity, a single step dispersion

produced unique multi-lamellar microcapsules containing
various aqueous drags co-encapsulated with iodinated

poppy seed oil (a radiocontra,st medium with a sp. gravity=

1.35). Subsequent _ound control experiments also pro-

duced some of these unique microcapsules and illustrated

that the l-g process could be improved to yield useable

microcapsules by using different formulations. In p,'u-ticular,

it became clear that the outer coatings substantially

improved the ruggedness of the microcapsules fornled.

The first successful microencapsulation of drugs in micro-
gravity was conducted on the Consort-4 mission in Novena-

ber 1991. The microcapsules were recovered and analyzed
4() by, microscopic image analysis. Mono-dispersed fluorescent

beads were included as internal size standards and fluores-

cent labels were used to determine the distribution of drug
in the various fluid compartments. Additional experiments,

conducted on Consort-5 in September 1992, confimled the
45 capabilities of the nesw method for forming multi-lamellar

nficrocapsules with alternating layers of hydrophilic and
hydrophobic drugs.

Microcapsules formed in 38 microgravity mini-

experiments used liquid-liquid dispersion of aqueous drug

5o solutions, surfactant and polyethylene glycol dispersed in

alcoholic co-surfactant solutions containing soluble polyg-
lycerides.

Microcapsules of both oil/water and polymer/water/oil

were recovered from the Consort flights. These experiments
55 produced multi-lamellar liquid microcapsules _concentric

spheres within spheres) comprised of three or more, alter-

nating immiscible layers. Image analysis of the microcap-

sules was made possible by co-encapsulation of standard

size fluorescent beads. Microcapsules were formed in the
_,) ranges of 1-15 microns, 40-50 microns, 110-130 microns

and 160-230 microns in diameters. This was a substantial

improvement over the prior art approaches which had ini-

tially been attempted by the inventors to derive microcap-

sules only in the 10 micron and less range. The size
¢,5 distribution covered a range of from about as low as 5

microns in diameter up to about 300 microns in dimneter and

greater. The average size of the microcapsules formed in
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these experiments was about 150 microns, greatly in excess

of the average 10 micron or less diameters obtained with

prior art approaches.

The ruggedness of the microcapsules formed under these

conditions alloveed for size segregation by filtration or other

separation methods. Digital image analysis (National Insti-

tutes of Health image analysis program_ of phase contrast

and fluorescen! images lake/1 ',_,'Jlh a fluorescent microscope

also confirmed that the aqueous-soluble drugs were rou-

tinely encapsulated within the inner aqueous core and the

outermost aqueous shell of the microcapsules.

Multi-lameih'u" microcapsules were also formed which

contained relatively large amounts of EPO _Guerbet

Laboratories-France, Savage Laboratories-U.S.A.I in dis-

crete lamella, including microcapsules with IPO comprising

up to 38% of the total volume. Often small hemispheres of

IPO were also found clinging to the outer surface of the large

inner (aqueousl sphere or adhered to the outer polymer skin

of the microcapsule.

Microcapsules formed by almost all of the fommlations

survived 15-g accelerations, severe vibrations and turbulent

mixing, during the reentry of the experiment capsule, and

have remained intact for two years after recove,'y flom

space. These multi-layered microcapsules arc similar to

liquid-filled, thin-skinned, micro-balloons which are flexible

enough to be manipulated on a microscope slide without

collapse.

The microcapsules formed in jr, st 6.5 minutes of micro-

gravity retain their spherical shape and appear tough enough

to survive the extensive physical manipulations reqt,ired for

sizing, final preparation and storage of parenter,'ll

suspensions, and the fluid shear encountered after intraxas-

cular injection. The inventors have also found that such

microcapsules may form within a period of a few seconds.

Also formed were very unusual structures (multiple small

spheres of aqueous-soluble drug! distributed within multi-

lamellar o/w/o microcapsules, wherein the aqueous sphe-

roids are arranged in an annular ring that appears fixed in a

plane within the innermost sphere (not shox_n I. These ring

structures remain intact when the microeapsules are "'rolled

around" on the microscope slide without rupturing. These

structures demonstrate the ability of the methods of the

invention to form small spheroids that do not coalesce inside

the larger microcapsule. Such stn, ctures may be advanta-

geously used to control the specific volume to surface area

ratio in order to control the rate of diffusion of a solute m

such spheroids, for use in sustained release of pharmaceu-

ticals contained in such spheroids, for example. These

internal spheroids may also be used to maintain a physical

separation between an activating agent and the prodmg,

wherein rapture of the spherical membrane hv the activation

energy allows the activator to be exposed to the prodrug.

EXAMPLE IV

Space Shuttle Experiments

In experiments conducted on STS-52. the inventors

co-encapsulated cis-platinum (diaminodichlor-cis-platinum;

Bristol Laboratoriest with IPO by' forming microcapsules

fl'om water-soluble polymers using special formulations of

aqueous, non-alcoholic solxents. Such lormulations will find

particular utility' in co-encapsulations of anti-tmnor com-

pounds along with radiocontrast medium for tracking drags

in the body.

Pol.vvinyl pyrolidone _PVP_, polyvinyl alcohol, and a

commercial lecithin tCentrolex-F®: a phospholipid corn-

38

pound derived flom sova and produced by U.S. Soya. Inc.)

were used to form nmlti-lameltar microc:q_sules at 20 ° C.

Fluorescent beads and fluorescent label were

co-encapsulated with the drugs to permit drug-distribution

5 measurements within the va,ious lamellae, using fluores-

cence microscopy and digital image analysis. The final

microcapsules were recovered and resuspended in either

aqueous solutions, IPO or mineral oil. The microcapsules

fomled by these formulations were similar to those made

IO using alcohol-soluble polyglycerides. However, withot, t the

hydrocarbon-soluble polymer membrane these micr_.'ap-

sules were more flagile and fl'iable.

Another unique type of microcapsule _as formed during

these experiments that was characterized by drug crystals

15 fomled within the inner aqueous core of the nmlti-lamellar

microcapsules. Microcapsules were formed which were

packed (approximately 65e_ of the aqueous compartment_

with crystals of Cis-platinum, an anti-tumor drug. Micro-

capsules containing crystals of amoxicillin were also formed

2o in the STS-52 experiments. These illustrate that aqueous-

soluble drugs can be encapsulated at xer_ high concemra-

tions near the solubility limit of the drug. After the micro-

capsules are formed the drug can become further

concentrated (perhaps via the alcohol absorbing the water

25 from the aqueous phase in which the pharmaceutical solute

is dissolved) to form large crystals which ,'ue more stable

than the dissolved drug during prolonged storage.

Microcapsules formed from first organic solvent/polymer

methods appeared to be more ragged I by visual comparison

_0 under the microscope _ than those forme_l on STS-52 formed

from first solvent aqueous/polymer methods. The STS-56

experiments again produced mt, lti-lamellar liquid microcap-

sules (multiple concentric spheres within spheres) con>

prised of alternating immiscible layers. Using fluorescent

._5 6.4 micron beads and image analysis, it was found that the

most interesting microcapsules were formed in the range of

10-15 micron, 40-50 micron, 50-100 micron, and I (_0-230

micron diameters. These diameter distributions were of

particular interest since it is known that intraanerial uses can

4o accommodate 50-300 micron diameter microcapsules while

intravenous applications can only tolerate 1-10 micron

microcapsules. Thus. by segregating the microcapsules into

sized fractions (sieving), it should be possible to address

particular intravascular limitations.
45

As noted above, microcapsules were formed containing

c.rv.sla]s of cis-Platinum or an)oxicJllin. The crystals appar-

ently were formed after encapsulation. Several microcap-

sules were formed that contained a single, large cubic cQ'stal

of Cis-Platinum which so completely filled the inner sphere5o
that only about 15c} of the tuner volume remained as a

liquid. One encapsulated, cubic Cis-Platmum crystal was

measured at 48 microns across within a 57 micron diameler

microcal)sule. After formation, some of the mic,-ocapsules

55 were dispersed in an external oil phase {either IPO or
mineral oil_ and allowed to cure for eight days betore return

to Emth.

These microg_vavity experiments hare sfiown tha_ R_m_a-

tion of multi-lamellar, alternating-phase microcapsules can

_0 be controlled by proper timed-sequence exposures of the

immiscible phases using special solvent formulations and

surfactants. Once formed, these microcapsules remain

spherical due to the predominant surface tension of the

internal phases and polymer/solvent phase partitioning at the

_,5 interfaces.

These experiments clearly demonstrated the capability' to

use liquid-liquid diffusion mixing to form unique microcap-
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sules containing hydrophilic and hydrophobic drugs under

microgravity conditions. Thus, ground-based experiments

were conducted to compliment and replicate the space

experiments. These ground-based experiments were able to

replicate the size range (5-250 microns in diameter) to a

limited degree, but the average size microcapsule obtained
was about 10-40 microns in diameter. Still, this was a

substantial improvement over the prior art approaches which

rarely formed microcapsules over 10 microns in diameter. It

was also obser`,'ed that the ground-based experiments

resulted in less rugged microcapsules. This is likely a result

of the gravity-dependent deformations of the spherical
microcapsules as they form giving rise to areas of thinner

polymer deposition. Thus, the flexible microcapsules,

formed under micro-gra`,'ity conditions, have more uniform

size distributions than those formed in l-g, are more rugged.

and ha`,'e a higher average diameter than ground-made

microcapsules, largely due to the absence of thermal

convection, buoyancy forces, and instabilities that occur at
the immiscible interfaces.

The microgra`,'ity experiments illustrate the feasibility of

co-encapsulating aqueous-soluble drugs, hydrocarbon-

soluble drugs and oil-based contrast media within a lipid-

soluble, polyglyceride outer film which cures rapidly

enough to be impervious to oil or hydrocarbon resolubili-

zation. They also allow the formation and harvesting of
unique microcapsules which are durable enough to be

removed from the external solvent without disruption or

destruction of the internal phases, it is anticipated that these
microcapsules ',','ill have several advantages over conven-

tional liposomes that are designed for intravascutar injec-
tion.

EXAMPLE V

Flight Hardware Description

The microencapsulation experiments described herein

were conducted using the Materials Dispersion Apparatus
(MDA: ITA. Inc., Exton, Pa.i. The MDA's consist of an

upper and a lower block that contain chambers for each

sample fluid. The blocks ,are misaligned at launch so that the

chambers are not in contact with each other. Upon activation
in microgmvity, the blocks are moved to align the chambers

so that the fluids can mix by liquid-liquid diffusion. Some of

the experiments were conducted with a single-step fluid

mixing, and some were done with a two-step fluid mixing

technique which allows diffusion of a third fluid or sample
into the mixture of the first two fluids while still in the

microgravity environment. In these experiments, the shear

forces are minimal while moving the fluids into contact with
each other.

EXAMPLE V1

Discussion and Alternative Embodiments

Spontaneous formation of nmlti-lamellar, microcapsules
containing alternating layers of aqueous and hydrophobic

solvent compartments is strongly dependent on the interfa-

cial tension and the anaount of mixing between immiscible

liquid phases. On Earth this process is limited by _avity-

dependent, density-driven separation of the immiscible liq-

uids into stratified horizontal layers. In microgravity, this

process is largely dependent on the surface-free energies of

the different liquids, but independent of density-driven con-

vection or buoyant phase separation. Hydrocarbon soluble,

high molecuh-u weight polymers have been included in the

4O

formulations to lorm flexible, permeable "'skins" or outer
coatings ,around the liquid microcapsules as they are created

by phase partitioning mechanisms. It is also possible to form

such polymer barriers between internal layers. The micro-

5 capsules can be formed and cured without deformation by
contact with container walls.

More specifically, co-encapsulation of an aqueous-

soluble, anti-tumor drug (Cis-platinum! and a radio-contrast

medium (IPO). in microgravity, has produced a unique drug

m delivery system that can be visualized by radiologic or

computerized tomography scanning to insure that the cyto-

toxic drug is delivered directly to the target tumor. Multi-

layered microcapsules have been developed which can pro-

vide a new intravascular delivery system for targeted tissues
J5 and sequential, sustained release of nmltiple anti-tumor

drugs. This method has resulted in formation of flexible

spherical microcapsules of more uniform sizes, which can

provide maximum packing densities and n_aximum drug

delivery to target organs or tumors.

2o Multi-layered microcapsules can be designed to protect

active forms of urokinase and other thrombolytic enzymes

until they ,are delivered and entrapped at the local site of a

blood clot, where therapeutic doses of the enzyme can
diffuse out to dissolve the unwanted embolism. These

25 in-tmiscible-liquid diffusion methods also could be used for

encapsulating certain labile drugs to nmke microcapsules for

special purpose drug delivery systems, especially those
designed to deliver drugs via the nasal or buccal nmcosa or

via inhalation directly to the lungs. Examples include pro-
3o tected delivery of mucolytic DNAse for sustained release

treatment of cystic fibrosis and ! anti-trypsin tor patients

with deficiencies in the lung epithelium.

EXAMPLE VIII
35

Redispersion of Microcapsules in Aqueous or Oil
Vehicles

A frequently used second step includes dispersion of the

4o microcapsules (after they have formed) in different aqueous/
polymer soh'ents or in a pure oil phase. A unique attribute

of microcapsules formed by these methods is that they do

not re-dissolve in an oily external phase, even though the

semi-permeable outer skin is hydrophobic. This produces a

45 suspension in the liquid carriers that are commonly used for
intravascular administration.

Examples of suitable aqueous solutions for redispersion
would include, but not be limited to dextran, PEG, phos-

phate buffered saline IPBS), Ringer's solution, or any solu-

5o tion known in the art that is selected so the membrane has

little or no solubility in that medium. The solutions are

sterilized prior to redispersion and are selected /'or the
particular application, such as injection into a human. It is a

further advantage, that redispersion in these solutions inhib-

55 its coalescence.

EXAMPLE IX

Exemplary First Organic Solvent Microcapsule
Formulations

The following lbrmulations have been used with particu-

lar success by the inventors in both Earth-normal and

micro_avity methods of making microcapsules.

Fluid l-(hydrocarbon). The first solvent is a hydrocarbon

_35 fluid (ethyl alcohol, methyl alcohol, or isopropyl alcohol)
with a low or medium HLB IHLB=5-10). One or more

co-solvents are used (which also can act as co-surfactants).
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Small concentrations of oil and water are added. Into this

mixture, the mono- or polyglyceride is dissolved up to 5%

w/v. An example is:

88q IPA

2.5% m-Hexanol s

2.5'i n-Heptanol

5 <', IPO

2(_ H_O

5% GMS ill

Fluid 2 (aqueousk Tfie second solvent is water plus surfac-

tants tex. pol,_ethoxylated sorbitan esters polyethylene

glycol). A polysaccharide IDextran)and nornml saline

(0.9%) are added which helps achiexe the desired critical

micelle concentration. A ptaarmaceutical soluble in water is 15

added. An example is:

1% PEG 4000

5% Dextran-40 I MW--40,(XXIt

0.9% Soditnn chloride

2"< Sorbitan Monooleate/20 moles Ethylene oxide 3o

Water l up to lOOCi voltnnei

dissolved drag at specified concentration

{according to required dose and release rate)

Alternate concentrations:

42

Fhiid I: Main ,ol\ c'nl -5-qs',

('o-,,()l;¢nls I - I ()',

(lil I-In",

Pol) I'll(21 I --S',

_lt alc'l I - 21 i',

Alternate composition for Fluid 2

PEG 2(X)-20,(XX)

Dextran-40 t MW=.40,(XX)- 100.000)

0.qq Sodium chloride

Sorbitan Monolaurate/20 moles Ethylene oxide

balance is water

Drug dissolved at saturated or specified concentration

l accordiug to required dose and release rate)

Alternate concentrations:

PEG 1-5%

Dextran I MW=40,O00- 100,000 ) 5-10%

Sodium chloride 05)%

Sorbitan Monolaurate/20 ETOI-5%

Water tbalance of volume)

Fluid 3 (oil). An oil, immiscible with the first two fluids in Drug concentration saturated or specified
nq

which the microcapsule's "outer skin" is insoluble so that - Alternate composition for Fluid 3

the suspended microcapsules can be delivered by' injection Dense radiocontrast liquids s.a. iodmated unsaturated oils

when non-aqueous administration is required. Submersion

of microcapsules in the oil also can aid the curing or

polymerization of the "'outer skin." A preferred example of

the oil vehicle is halogenated poppy seed oil which also

serves as a radiocontrast medium.

Alternate compositions for Fluid 1

Mare sohent-ethyl alcohol

Co-solvents-(co-surfactants) are nornml alcohols- C4 to C8 15

high dielectric constant solvents-

tetrahydrofuran

dioxane

acetonitrile 4o

dimethylfornlamide

dimethylacetamide

dime thy I sul foxide

Oil-dense radiocontrast liquids s.a. halogenated unsaturated

oils 4s

e.g. halogenated poppy seed oil, cotton seed oil, safflower

oil, olive oil, cauola oil, peanut oil, sesame oil, corn oil.

also saturated oils can be used, s.a. heavy mineral oil,

liquid petrolatum 5il

Polymers-used to form the "outer skin" on the microcap-
stiles

monoglycerides, polyglycerides--esp, glycerol esters

ranging fi'om C12-C22,

e.g. monostearate, distearales, monooleates, monolaurates 55

and olive oil

polyg ycerides-cholesterol, waxy pkmt sterols (stigmasterol,

phytosterol, campesterol )

phospholipids-lecithins Iphosphatydyl choline) and/or

combinations with mono/polyglycerides

poly viny, lpyrrolidone

polyacrylates,

PEG-hydroxypropyl methacrylate I HPMA)

PEG 4,000-12,000

polyeth.vlene glycol/acrylate copolymers

polyethylene glycol/dextran copolymers

e.g. poppy, seed oil. cotton seed oil, satllower oil, olive oil.

canola oil, peanut oil, sesame oil, corn oil.

Also saturated oils can be used, s.a. heavy mineral oil and

_o petrolatum.

One hundred percent oil or a mixture may be used as a

catxier vehicle for the suspended microcapsnles.

EXAMPLE X

Exemplary First Aqueous Solvent Microcapsule

Formulations

Alteimale Method-Hydrophilic Outer Skin

Fluid I-laqueousl: the mare solvent is a water, one or more

co-solvents Iwhich also can act as co-surfactants), and

lecitfiins are dissolved up to 5% w/v to form the outer skin

on the microcapsules.

An example is: 3G polyvinyl alcohol dissol',ed in a

mixture of 20e7 isopropyl alcohol and 80% water

Fluid 2 l aqueous): the main solvent is water plus surfactants

(ex. polyethoxylated sorbitan esters: polyethylene glycol}

and plus a polysaccharide (Dextranl and normal saline

(0.0%) which helps achieve the desired critical nficelle

concentration.

An example is:

I% PEG 4000

5% Dextran-70 IMW=70,0OO)

0.0% Sodium chloride

2% Sorbitan Monooleate/20 moles Ethylene oxide

Water (up to 100% volume)

dissolved drug at saturated or specified concentration

(according to required dose and release rate)

Fluid 3 ( aqueous l-a PEG and PVP solution which can aid the

curing or polymerization of the "'outer skin."

r_o 1_ Polyvinyl pyrollidone

4% PEG 4(X)O

5% Dextran-70 (MW=70,O00)

balance is 0.9% Sodium chloride

EXAMPLE XI
_5

An example of a microcapsule, suitable for in situ acti-

vation of a prodrug is shown schematically in FIG. 1. In this
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enlbodiment the prod.'ug, floxuridine for example, may be

contained in the continuous, internal aqueous phase. The

activator, thymidine kinase is also contained within the
microcapsule. During irradiation with ultraviolet light of

300-390 nanometers, the internal liquid phases in the micro- 5

capsules exhibit a spontaneous, vigorous mixing action with

brings the contents of the two phases together, and increases
the activation kinetics of the water soluble floxuridine to the

water insoluble active form 5-FU, which diffuses out of the

microcapsute, m

EXAMPLE XII

The following ex,'unple describes an embodiment of the

invention, m which microcapsules containing an active
agent and an activator are subjected to an electromagnetic 15
ficld, and the electromagnetic field is effective to release free

radicals or ions that change the state of an agent within the

microcapsule. In this example, the microcapsules contain
eosin-Y and PEG-diacrylate. Upon itTadiation, eosin-Y is

activated to release fiee radicals, which then activate the :0

PEG-diacrvlate to gellation.

The present invention has been described in terms of

particular embodiments found or proposed to comprise

prefen-ed modes for the practice of the invention. It will be

appreciated by' those of skill in the art that, in light of the 25
present disclosure, numerous modifications and changes can

be made in the particular embodiments exemplified without

departing from the intended scope of the invention. For

example, one alternate embodiment includes use of

aqueous-soluble cyclodextrin tin the hydrophilic phase)3o
which has a hydrophobic center that can itself entrap h,vdro-

phobic drugs thereby acting as a cmTier for hydrophobic
drugs within the aqueous phase. Another alternate embodi-

ment allmvs after microcapsules are formed, for ancillary'

polymeric outer coats to be applied by conventional methods 35

Celectrostatic coating, aerosolization and drying, etc.). This

is made possible by designing the precise chemical makeup

of the initial polymeric outer skin such that it will be

compatible with both drug diffusion and the ancill,'u'y coat-

lug to be applied. When surfactants m'e used to facilitate 4o

adhesion of the third solution or ancillary coating the HLB

must be selected to be compatible with the HLB of the

existing outer coating which has already been formed, such

that the solution containing the ancillao' coating will wet the

surface of the existing outer coating, to enable deposition of 45
the ancillary coating. This is in contrast to conventional

liposomes whose outer membrane composition is a variable,

depending on the phase separation of the phospholipids and

cholesterol adduct when each liposome forms. Another

alternative embodiment incorporates an energy absorbing 5o

medium _e.g. photoactivator) which can absorb

electromagnetic, ultraviolet, infrared, ultrasonic, radiofre-

quency and microwave radiation and thereby cause activa-

tion of a short-lived drag component just prior to adnfinis-

tration or after the microcapsules have reached the target 55

site. Another embodiment incorporates magnetic particles
and magnetic fields or free-fluid electrophoretic

mechanisms, etc. to facilitate dispersion or transport of one

phase across the immiscible interface into the other phase.

This has been demonstrated as a single pass, unidirectional ¢_0

form of mixing that is best exploited in microgravity.
Another embodiment includes attachment of certain

_hydrophobic) antibodies to the polymeric skin which gives

the microcapsules site specificity by being able to bind to

target cells (e.g. tunmr) while entrapped drugs diffuse out to ¢,5

provide maximuna doses to those cells with that antigenic

site. Another embodiment makes use of polyethylene glycol

44

IPEG) complexed to peptide or protein drugs and a custom-

ized polymeric outer skin which permits the drug-PEG

complex to diffuse out of the microcapsule as an intact

entity,. This pemfits the drug to resist antibody attachment

and remain in the blood stream longer as found in the

Pegnology 4 type of drug complexes developed by Enzon,

htc. The improvement being delivery of this complex in the

tailored microcapsules and coqtrolled release of the complex

through the specially designed polymeric outer skin.

Another embodiment is microcapsules containing magnetic

p,'u'ticles that can be heated by, exposure to an electromag-

netic field so that the particles am able to melt the polymer

shell and release the contents without causing widespread

hyperthermic damage to the surrounding tissues. Other

embodiments include the use of the microcapsules of the

invention for the production of crystals within an internal
aqueous phase. All such modifications ,'ue intended to be

included within the scope of the appended claims.

While the preferred embodiments of the invention have
been shown and described, modifications thereof can be

made by' one skilled in the art without departing from the
spirit and teachings of the inventions. The embodiments

described herein ,'u'e exemplary only, and are not linfiting.
Many' variations and modifications of the imention and

apparatus disclosed herein are possible and are within the

scope of the inventions. Accordingly', the scope of protection

is not limited by the description set out above, but is only

limited by' the claims which follow, that scope including all

equivalents of the subject matter of the claims.

All patents and publications mentioned in this specifica-

tion are indicative of the level of skill of those of knowledge

in the art to which the invention pertains. All patents and

publications referred to in this application are incorporated
herein by' reference to the same extent as if each was

specifically, indicated as being incorporated by reference and

to the extent that they provide materials mad methods not

specifically, shown.
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What is claimed is:

1. A method of in sire activation of a drug comprising:

providing a microcapsule whereto the microcapsule com-

prises two or more internal liquids, whereto each inter- _,_

nal liquid is immiscible with the other internal liquids,
and all of the internal liquids are enclosed together m

a single polymer shell, a drug precursor associated with

at least one internal liquid phase; and

exposing the microcapsule to an energy source in an 4u
amount effective to promote physical mixing of the

immiscible liquid phases and to increase the activation

kinetics of activation of the drug precursor.
2. The method of claim 1, wherein one of said internal

liquid phases is an aqueous phase and one of said internal 45

liquid phases is a hydrocarbon or oil phase.
3. The method of claim 2, wherein said aqueous phase is

in contact with the polymer membrane.
4. The method of claim 2, wherein said hydroc,'u'bon or oil

phase is in contact with the polymer membrane, so
5. The method of claim 3, wherein the drug precursor is

more soluble in the hydrocarbon or oil phase than in the

aqueous phase and the activated drug is more soluble in the

aqueous phase than in the hydrocarbon or oil phase.
6. The method of claim 4, wherein the drug precursor is 55

more soluble in the aqueous phase than m the hydrocarbon

or oil phase and the activated drug is more soluble in the

hydrocarbon or oil phase than in the aqueous phase.
7. A method of in situ activation of a drug comprising:

providing a microcapsule wherein the microcapsule corn- ¢,0

prises two or more internal immiscible liquid phases
enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase: and

exposing the microcapsule to an energy source in an

amount effective to promote physical mixing of the ¢_5

immiscible liquid phases and to increase the activation

kinetics of activation of the drug prectn'sor.
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wherein one of said internal liquid phases is an aqueous

phase and one of said internal liquid phases ix a
hydrocarbon or oil phase.

whereto said aqueous phase is in contact with the polymer
s membrane,

wherein the drug precursor is more soluble in the hydro-

carbon or oil phase than in the aqueous phase and the
activated drug is more soluble in the aqueous phase

than in the hydrocarbon or oil phase.

ill wherein the pair consisting of said drag precursor and drug
is chosen IYom the group consisting of papaxerine and

papaverine HCI. genoscopolamine and scopolamine,
hematopoq_hyrin and dihematol_orphyrin ester, and sulfam-
crazine sulfate and 2-sulfanilanfido-4-nlethylpymnidine.

8. A method of in situ activation of a drt, g comprising:

prm iding a microcapsule wherein the microcapsule com-

prises two or more internal immiscible liquid phases
enclosed in a polymer shell, a drug precursor associated
with at least one internal liquid phase: and

exposing the microcapsttle to an energ 3 source in an
amount effective to promote physical nfixing of the

immiscible liquid phases and to increase the actix ation
kinetics of activation of the drug precursor.

wherein one of said internal liquid phases is an aqueous

phase and one of said internal liquid phases is a

hydrocarbon or oil phase,

whe,ein said hydrocarbon or oil phase ix in contact with

the polymer membrane,

wherein the drug precursor is more soluble in the aqueot, s

phase than in the hydrocarbon or oil phase and the

activated drug is more soluble in the hydrocarbon or oil

phase than in the aqueous phase,

_herein the pair consisting of the drug precursor and the

drug is chosen from the group consisting of floxuridine and

5-fluorouracil, cocaine h.vdrochloride and cocaine base. and
estrone and estradiol.

9. A method of in situ activation of a drug comprising:

providing a microcapsule 'xherein the microcapsule com-

prises tt_o or more internal immiscible liquid phases
enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase; and

exposing the microcapsule to an energy source that causes
the precursor to assume an active state,

wherein the pair consisting of said drug precursor and the

drug is chosen fiom the group consisting of dehydm-
cholesterol and vitamin D,. testosterone acetate and

testosterone, ergosterol and vitamin D., nitromethane

and I-methyl-2< I -hydroxy- 1 methylethyll diazene, and
o_, _-dinitroketone and a diketone.

10. A micromixer useful for mixing two or more immis-

cible liquid phases contained in the micromixer comprising:

a microcapsule comprising two or more itnmiscible inter-

nal liquid phases enclosed in a polymer shell and a

radiant energy source effective to generate liquid flow

within the microcapsule,

said tnicrocapsule formed by a method comprising:

tormulating a 1irst phase conlpt+ising a first solvent, a

first polymer soluble in said first phase and immis-

cible in a second phase, a co-soh'ent, oil. and water:

fortnulatmg said second phase immiscible with said

first phase, said second phase comprising a second
sohent, a second polymer soluble in said second

phase and immiscible in said first phase, a surface

active agent, and a salt:
said surface active agent having a hydrophilic/

lipophilic balance vahte greater than that of said first

polymer;
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said second polymer having a fiydrophilic/lipophilic
balance value lower than that of said surface active

agent:

creating an interface between said first and second

phases in a manner that limits fluid shear, and

maintains adsorptive surface characteristics a! said
interlace.

11. A composition comprising a drug or drug precursor

contained in a microcapsule comprising two or more

concentric, immiscible internal liquid phases enclosed in a

polymer shell, wherein a first of said internal liquid phases

is in contact with said polymer shell, and wherein a second

of said internal liquid phases is separated from said polymer

shell by said first internal liquid phase, and further wherein

said drug or drug precursor is associated with said second

internal liquid phase.

wherein said microcapsule is formed by a method compris-

ing:

formulating a first phase comprising a first solvent, a first
polymer soluble in said first phase and immiscible m a _,0

second phase, a co-solvent, oil. and water:

formulating said second phase immiscible with said first

phase, said second phase comprising a second solvent,
a second polymer soluble in said second phase and

25
immiscible in said first phase, a surface active agent,
and a salt:

said surface active agent having a hydrophilic/lipophilic

balance value greater than that of said first poly'mer:

said second polymer having a hydrophilic/lipophilic bal- 3.

ance value lower than that of said surface active agent:

creating an interface between said first and second
phases in a manner that limits fluid she,'u', and

maintains adsorptive surface characteristics at said inter-
face. 35

12. The method of claim 9, wherein said drug precursor

is dehydrocholesterol and the drug is vitamin D 3.

13. The method of claim 9, wherein said drug precursor

is testosterone acetate and the drug is testosterone.

14. A method of in situ activation of a drug comprising: 4o

providing a microcapsule wherein the microcapsule com-

prises two or more internal immiscible liquid phases

enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase: and

exposing the microcapsule to an energy source in an 45

amount effective to promote physical mixing of the

immiscible liquid phases and to increase the activation

kinetics of activation of the drug precursor.

wherein the microcapsule also contains a radiocontrast
media. 5o

15. The method of claim 14, wherein the radiocontrast

media is a halogenated oil.
16. The method of claim 15 wherein the radiocontrast

media is an oil selected from the group consisting of ._
halogenated poppy seed oil, cotton seed oil. soybean oil,
safflower oil, corn oil, sesame seed oil, and canola oil.

17. A method of in situ activation of a drug comprising:

providing a microcapsule wherein the microcapsule com-

prises two or more internal immiscible liquid phases

enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase: and

exposing the microcapsule to an energy source in an

anaount effective to promote physical mixing of the

immiscible liquid phases and to increase the activation 65

kinetics of activation of the drug precursor,

wherein the drug precursor is a proenzyme.
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18. A method of in situ activation of a drug comprising:

providing a microcapsule wherein the microcapsule com-
prises two or more internal immiscible liquid phases

enclosed in a polymer shell, a drug precursor associated
5 with at least one internal liquid phase: and

exposing the microcapsule to an energy source in an

anaount effective to promote physical mixing of the

immiscible liquid phases and to increase the activation

kinetics of activation of the drug precursor

m wherein the drug precursor is selected from the group

consisting of a pro-thrombolytic enzyme, a pro-

urokinase and a pro-tissue plasminogen activator.

19. The method of claim 1 wherein the energy source is

selected from the group consisting of ultraviolet light, neztr

15 infrared light, an electromagnetic field, radiofrequency, and
microwave radiation.

20. A method of in situ activation of a drug comprising:

providing a microcapsule wherein the microcapsule com-

prises two or more internal immiscible liquid phases

enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase: and

exposing the microcapsule to an energy source in an

amount effective to promote physical mixing of the
inmaiscible liquid phases and to increase the activation

kinetics of activation of the drug precursor,

wherein the energy is near infrared light of about 700-000

nanometer wavelength.

21. A method of in situ activation of a drug comprising:

providing a micro capsule wherein the microcapsule

comprises two or more internal immiscible liquid

phases enclosed in a polymer shell, a drug precursor

associated with at least one internal liquid phase: and

exposing the nficrocapsule to an energy source in :m
amount effective to protnote physical mixing of the

immiscible liquid phases and to increase the activation
kinetics of activation of the drug precursor,

wherein the energy is ultraviolet light of about 220-390

nanometer wavelength.

22. A method of in situ activation of a drug comprising:

providing a microcapsule wherein the microcapsule com-

prises two or more internal immiscible liquid phases

enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase: and

exposing the microcapsule to an energy source in an

amount effective to promote physical mixing of the
immiscible liquid phases and to increase the activation

kinetics of activation of the drug precursor.

further defined as comprising administering said micro-

capsules to a subject, allowing said microcapsules to

reach a target site and applying said energy to the
subject.

23. The method of claim 22. wherein the location of the

microcapsules is detected by a radio image.
24. The method of claim 22, wherein administration is

intraarterial, intravenous or intraperitoneal.

25. The method of claim 22, wherein the microcapsules at

least partially occlude a blood vessel.

26. The method of claim 22, wherein the energy is applied

6u using an intravascular device.
27. The method of claim 26, wherein the intravascular

device is a catheter.

28. The method of claim 26, wherein the energy is applied

via a fiber optic conductor.

29. The method of claim 26, wherein the energy is applied
via an electa'omagnetic transducer contained in an intravas-
c ul,'u device.
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30. The method of claim 1, wherein tile nncrocapsule ts

flom about 1 to about 500 microns in diameter.

31. The method of claim 1. wherein the ,mcrocapsule ts

fiom about 300 to about 5(X) microns in diameter.

32. The method of claim 1, wherein the mtcrocapsule ,s

f_orn about 50 to about 300 microns in diameter.

33. The method of claim 1. wherein the nucrocapsule ts

from about 30 to about 50 microns in diameter.

34. The method of claim 1. wherein the m,crocapsule ts

from about 20 to about 30 microns in diameter.

35. The method of claim 1. wherein the m,crocapsule ,s

from about 1 to about 20 microns in diameter.

36. A method of in situ activation of a drug comprising:

providing a microcapsule wherein the microcapsule com-

prises two or more internal immiscible liquid phases.

wherein neither internal immiscible liquid phase is

enclosed separately by a polymer shell but wherein the

internal immiscible liquid phases are enclosed together

in a single polymer shell, a drug precursor associated

with at least one internal liquid phase; and

exposing the mic,ocapsule to an energy source that causes

the precursor to assume an active state.

37. The method of claim 36. wherein the drug precursor

is activated by a oxidation, a reduction, a hydrolysis or a

dehydrogenation reaction.

38. A composition comprising a drug or drug precursor

contained in a microcapsule consisting of two or more

concentric, immiscible internal liquid phases, wherein nei-

ther internal immiscible liquid phase is enclosed separately

by' a polymer shell but wherein the internal immiscible

liquid phases are enclosed together in a single polymer shell,

wherein a first of said internal liquid phases is m contact

with said polymer shell, and wherein a second of said

internal liquid phases is separated from said polymer shell

b', said first internal liquid phase, and further wherein said

drug or drug precursor is associated with said second

internal liquid phase.

39. The composition of claim 38. wherein said first

internal liquid phase is an aqueous phase.

40. The method of claitn 9, wherein said drug precursor

is ergosterol and the drug is vitamin D_.

41. The method of claim 9. wherein the drug precursor is

nitromethane and the drug is l-methyl-2<l-hydroxy-I

methylethyl ) diazene.

,.12. The method of claim 9. wherein the drug precursor is

u.. u.-dinitroketone and the drug is a diketone.

43. A method of in situ activation of a drug comprising:

providing a microcapsule wherein the microcapsule com-

prises two or more internal immiscible liquid phases

enclosed in a pol.vmer shell, a drug precursor associated

with at least one internal liquid phase: and

exposing the microcapsule to an energy' source that causes

the precursor to assume an active state,

wherein the microcapsule also contains a radiocontrast

media.

44. A method of in situ activation of a drug comprising:

providing a microc:tpsule wherein the microcapsule com-

prises two or more internal immiscible liquid phases

enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase: and

exposing the microcapsule to an energy source that causes

the precursor to assume an active state,

wherein the microcapsule contains the radiocontrast

media a halogenated oil.
45. The method of claim 44. wherein the radiocontrast

media is selected flom the group consisting of halogenated

5O

poppy' seed oil, cotton seed oil, soybean oil, safflower oil,
corn oil. sesame seed oil. and canola oil.

46. The method of claim 36, wherein the energy source is

ultraviolet light or near infrared light.

s 47. A method of in situ activation of a drug comprising:

providing a microcapsule whereto the microcapsule con>

prises two or more internal immiscible liquid phases

enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase: and

10 exposing the microcapsule to gin energy source that causes

the prectnsor to assume an active state,

wherein the energy' source is near infiared light of about

700-900 nanometer wavelength.

48. A method of in situ activation of a drug comprising:
15

providing a microcapsule wherein the nficrocapsule com-

prises two or more internal immiscible liquid phases

enclosed in a polymer shell, a drug precursor associated

with at least one internal liquid phase: and

20 exposing the microcapsule to an energy source that causes

the precursor to assume an active state.

wherein the energy' source is ultraxiolet light of about

220-390 nanometer wavelength.

,.19. A method of in situ activation of a drug comprising:

25 providing a nficrocapsule wherein the microcapsule com-

prises t_vo or more internal immiscible liquid phases

enclosed in a poly, mer shell, a drug precursor associated

with at least one internal liquid phase: and

3u exposing the microcapsule to an energy source that causes
tile precursor to assume an active state,

further defined as comprising administering said micro-

capsules to a subject, allowing said microcapsules to

reach a target site and applying said energy to the

_5 subject-
50. The method of claim 49. wherein the location of the

microcapsules is detected bx a radio image.

51. The method of claim 49, wherein administration is

inlraarterial, intravenous or intralmritoneal.

40 52. The method of claim 49, wherein the microcapsules at

least partially occlude a blood vessel.

53. The method of claim 49, wherein the energy is applied

using an intravascular device.

54. The method of claim 53, wherein the intravascular

45 device is a catheter.

55. The method of claim 53 wherein the energy is applied

via a fiber optic conductor.

56. The method of claim 53 wherein the energy ix applied

via an electromagnetic transducer contained in an intravas-

5o cul,'u device.
57. The method of claim 36. wherein the nucrocapsule ts

from about I to about 5()0 microns in diameter.

58. The method of claim 36. wherein the mtcrocapsule ts

fl'om about 3(R) to abot, t 500 microns in diameter.

55 59. The method of claim .t6, whereto the ,mcrocapsule is

from about 50 to about 300 microns in diameter.

60. The method of claim 36. wherein the nucrocapsule ts

flom about 30 to about 50 microns m diameter.

61. The method of claim 36. wherein the mtcrocapsule is

_0 from about 20 to about 30 microns in diameter.
62. The method of claim 36, wherein the m,crocapsule ts

from about I to about 20 microns in diameter.

63. A micromixer useful tbr mixing t',_o or more immis-

cible liquid phases contained in the micromixer comprising:

¢,s a microcapsule consisting of two or more immiscible

internal liquid phases, wherein neither internal immis-

cible liquid phase is enclosed separately bv a polymer
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shell but wherein the internal immiscible liquid phases

are enclosed together in a single polymer shell and a

radiant energy source effective to generate liquid flow

_ithin the microcapsule.
64. The micromixer of claim 63, wherein said internal

liquid phases include an aqueous phase and a hydrocarbon

or oil phase.
65. The micromixer of claim 63, wherein the energy

source is selected fiom the group consisting of a source of

ultraviolet light, an electromagnetic held, a radiofrequency,

o1 microwave energy.
66. A micromixer useful for mixing two or more immis-

cible liquid phases contained in the micromixer comprising:

a microcapsule comprising two or more immiscible inter-

nal liquid phases enclosed in a polymer shell and a

radiant energy source effective to generate liquid flow
within the microcapsule,

wherein the energy source is a source of ultraviolet light

at 220 to 390 nanometers wavelength.
67. The micromixer of claim 64. wherein said micromixer

comprises a reactant associated with an aqueous phase and

a different reactant associated with a hydrocarbon o1 oil

phase, wherein said reactants produce a chemical reaction

52

upon contact and wherein said mixing increases the reaction
kinetics of the reaction.

68. The composition of claim 38, wherein said first

internal liquid phase is a hydrocarbon oi oil phase.

69. The composition of claim 38, wherein said composi-

tion is contained in a light protective container.

70. The method of claim 7, wherein said drug precursor

is papaverine and the drug is papaverine HC1.

71. The method of claim 7, wherein said drug precursor
to is genoscopolanfine and the drug is scopolamine.

72. The method of claim 7, wherein said drug precursor

is hematoporphyrin and the drug is dihematoporphyrin ester.

73. The method of claim 7. wherein said drug precursor

is sulfamerazine sulfate and the drug is 2-sulfanilamido4-
15 methylpyrimidine.

74. The method of claim 8, wherein the drug precursor is

floxuridine and the drug is 5-fluorouracil.

75. The method of claim 8, wherein the drug precursor is

cocaine hvdrochloride and the drug is cocaine base.
2o 76. The method of claim 8, wherein the drug precursor is

estrone and the drug is estradiol.


